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Abstract 
 
Electroluminescence is a developing area of research in the fields of display 
technology and lighting. Solution based processing of organic materials offers the 
opportunity to manufacture large area, low cost illuminating surfaces but current 
processes are limited to two dimensions. The ability to apply electroluminescent 
materials onto three dimensional contoured surfaces would incorporate the 
illuminating function into objects, enhancing usability and removing the need for an 
additional light source.  
Furthermore, the integration directly into the manufacturing process, such as 
injection moulding, would have the added benefits of reducing manufacturing time, 
handling and have environmental and economic savings. Incorporating electronics 
manufacturing in-mould offers considerable potential for novel research and 
commercial applications. 
Electroluminescent multi-layer structures were constructed on 3D surfaces, 
applying materials using an airbrush. Novel injection moulded electroluminescent 
devices were successfully made using insert moulding and in-mould layer 
application techniques, then characterised and compared to a bought device. 
Electroluminescent layers were also applied to injection moulded plastic parts as a 
post mould treatment for further comparison. 
In the current state of development, insert moulding using a PTFE carrier film is the 
most successful method of injection moulding EL parts, producing devices that light 
up with an average illuminance of 210.2  39.2 lx when operated at 300 V and 400 
Hz. A multi-layer thermal model developed in this project confirms that the injected 
plastic does not transfer enough heat energy to cure materials that are applied 
directly in-mould. It was also found that, after 10 weeks, the airbrush made devices 
maintained 27.3 % points more relative illuminance compared to devices made 
using a conventional method. Problems associated with all of the new processes 
have been identified and solutions suggested, but with further research these 
methods could be used to routinely mould plastic parts with the ability to 
illuminate. 
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1 INTRODUCTION 
The main topics of this project are plastics processing and smart materials, 
specifically electroluminescent materials will be considered in this thesis. However, 
the driving forces behind the idea, as is so often the case, are increased part 
performance, lower costs and reduced environmental impacts. These factors are 
both important and relevant in a world where so much focus is placed on efficiency 
and sustainability. 
Firstly, addressing the main topics; plastic processing is a global industry and plastic 
has replaced many traditional materials in a wide range of applications. Plastic can 
be processed in many different ways and injection moulding is one of the most 
common techniques; there are a number of variations to it and it continues to 
develop in order to make more complex parts and improve the overall process. 
An exciting development is the integration of smart material functionality into the 
manufacture of plastic parts. Smart function has been integrated but mainly by over 
moulding electronic chips. This work intends to develop a new process for smart 
integration during manufacture. 
The types and function of smart materials are very wide, hence for the purpose of 
this work the author has chosen to concentrate on electroluminescence. Solid state 
lighting by electroluminescence is of interest as a lighting solution of the future; 
electroluminescence is an efficient mechanism for light emission and devices are 
low power, thin and can have a large illuminating surface area.  The production of 
inorganic electroluminescent devices involves vacuum deposition techniques which 
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require highly specialised equipment and extreme environmental conditions; 
however polymer based electroluminescent materials can be applied using simpler 
solution based techniques. Current manufacturing processes utilised in making 
polymer electroluminescent devices are screen printing, spin coating and inkjet 
printing; all of these application methods apply layers to a flat substrate, albeit 
sometimes a flexible one. When considering electroluminescence as a lighting 
option, illuminated strips, sheets and wires can be purchased to include in any 
situation where required and patterned designs can be specially printed, but again 
this is in a 2D form. A flat, flexible electroluminescent device cannot always be 
easily added to items that require illumination due to the shape of the object 
therefore it would be advantageous to apply the electroluminescent layer structure 
during the production process. This would enable the manufacture of 3D plastic 
items with the illuminating materials embedded into the main body of the part; by 
adding electroluminescent layers in-mould during the moulding cycle, a huge 
variety of profiles and shapes can be made to illuminate. 
With the main topics summarised and the problem identified, the following three 
paragraphs indicate the relevance of developing this new technique with regards to 
the three driving forces that motivate a majority of manufacturing research: 
performance, cost and environmental factors.  
The performance of moulded plastic parts will be enhanced by increasing their 
functionality when adding light emission as an integral property of the moulded 
structure. This will be done by incorporating electroluminescent layer materials into 
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the main body of the part as a stage within the injection moulding process. This 
increased functionality will remove the need for an additional light source. 
Reducing the costs associated with making a part can be achieved by a number of 
methods; firstly, by reducing the number of components by combining the function 
of many into one has already been suggested in the previous paragraph. Also, by 
removing manufacturing stages there is an associated cost saving; the entire device 
production happens in one cycle on one machine so there are no additional pre- or 
post- process stages or the requirement of component assembly. 
There are reduced environmental impacts related to the two previous paragraphs 
but there are also the benefits directly associated with the materials used in the 
process. As mentioned earlier, electroluminescence is the most efficient 
mechanism for light emission, and by making plastic parts illuminate by 
incorporating the electroluminescent phenomenon, hopefully these will replace 
objects that use less efficient, more traditional light sources. Also, the solution 
based processing conditions of the polymeric materials selected for this project 
have a lesser impact on the environment than the energy devouring, high 
temperatures and vacuum needed for inorganic electroluminescent processing. 
To give an indication of the positive impact this technology could have, some 
examples of how it could improve road safety are described in this paragraph. 
Plastic parts that are currently moulded and then require additional lighting can be 
manufactured to completely illuminate; for example road furniture (traffic cones 
and bollards) and safety/cycle helmets. This would be more visible than the light 
emitted by a small additional lamp. Another example is where the function of two 
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separate parts could be combined into one; for example mudguards on bicycles 
could also act as lights, or be simply used to make the rider more visible to other 
road users. Finally, the illuminating function can be used as an additional 
characteristic to currently moulded parts; for example on a car, the front and rear 
bumper could illuminate as a more visible alternative to current hazard lights. 
From the problems identified earlier, and the anticipated benefits described in the 
last few paragraphs, the direction of this project is dictated by the following 
research question: 
“Can electroluminescent technology be integrated into the 
injection moulding process to produce 3D illuminating plastic 
parts?” 
This research question will be answered by meeting the following specific 
objectives: 
 To determine the optimum electroluminescent structure for an in-mould 
process; this is the minimum number of layers that will reliably form a 
working EL lamp.  
  To develop a method of integrating the application of electroluminescent 
layer materials into the injection moulding process. 
 To produce 3D injection moulded plastic parts with electroluminescent 
capabilities. 
 To describe any geometric limitations observed in the new process. 
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 To model the temperature conditions undergone by the layer materials 
during an injection moulding cycle. 
 To characterise the layer thickness and illuminance of the injection 
moulded EL devices. 
 To compare the layer thicknesses and illuminance of devices made using 
the new injection moulding process with a bought device and a thick film 
device made using the EL materials in a paste form. 
 To monitor the degradation of the intensity of light emitted by devices 
made by the new process with modified materials over a 10 week period. 
Different conditions and encapsulation options will be considered. 
 To compare the degradation of the devices made with modified materials 
to equivalent devices made with materials used as intended. 
To successfully achieve these criteria, firstly, a literature review was carried out 
across two key areas: recent advancements in electroluminescent technologies, and 
developments in plastic processing. Practical work began by using commercially 
available materials, used in a conventional method, to produce flat illuminating EL 
devices. A method for introducing EL layer materials into the injection mould tool 
was developed in order to fill the technology gap identified in the literature review. 
Once the technique had been refined, samples made using both the traditional and 
novel processing techniques were characterised and compared. 
The thesis does not contain a chapter entitled “literature review” but instead has a 
number of themed chapters covering different key areas; this is because this 
project covers several separate disciplines and the structure of the thesis shows the 
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consideration given to each of these and the progression of the project through 
them. 
The thesis starts with a chapter giving an overview of smart materials, a group 
which electroluminescent materials belongs to, and a far reaching, fascinating area 
of research. There is then a more in depth study into the science behind and recent 
developments in electroluminescent technology. Since this project is focusing on 
plastic processing, particularly injection moulding, and polymeric materials are used 
in some EL systems, there then follows some background information on polymers 
and plastics. The chapter gives an overview of the fundamental material science 
and includes a section specifically on electrically conductive polymers, a material 
utilised in this project. The next logical step is to look a plastic processing; this 
chapter briefly covers general plastic processing but focuses on injection moulding 
and the current progress made in injection moulding multi-material parts.  
The electroluminescent materials used in this project are not formulated to be used 
in an injection moulding cycle so it is important to calculate the temperatures they 
are subjected to. Therefore at this point in the thesis there is a chapter showing the 
development of a model replicating the in-mould thermal conditions that the layer 
materials will undergo.  
The methodology section follows, and this has been divided into 3 chapters: the 
scoping experiments, refinement of the new processing technique and the 
characterisation of parts made using the new method. Next are the experimental 
results and the analysis of those results. The experimental data is then used in the 
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model to simulate the temperature profiles experienced by the layer materials 
when manufacturing a real device. 
There is then a discussion evaluating each of the methods developed during the 
project, suggestions to overcome identified problems and a discussion on the 
relevance of this project with respects to the wider research area. The key findings 
are then summarised in the conclusion chapter. 
Finally, thoughts on how this research can be continued, ideas on how the novel 
process can be advanced and suggestions into making the technique more 
commercially viable are described in the further work chapter. 
To give a simple overview to the whole project, a diagram has been constructed 
representing the progression of work from top to bottom; it shows the key areas of 
the project and how they relate the each other (see Figure 1-1).  
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Figure 1-1: An overview of project. 
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2 SMART MATERIAL SYSTEMS 
This project aims to develop a new method of manufacturing electroluminescent 
devices and the light emitting (luminous) material within them fall into the wider 
category of smart materials. For this reason the literature review begins with a brief 
chapter introducing smart materials, before focusing down to the main themes of 
the project. 
2.1 Definition of Smart Materials 
The development and study of smart materials is a relatively contemporary area of 
research that has progressed steadily over the last ten years [1]. Smart materials 
have a “coupling between multiple physical domains” [2]; this means that a 
particular characteristic of a material changes in response to a change in a different 
field. For example in some materials, an external temperature change can cause a 
colour change in the material. Vepa describes smart materials as “materials that 
can sense an external stimulus... and initiate a response” [1], however Addington 
and Schodek draw attention to the fact when people talk about smart materials 
they are actually referring to the reactive device, that may consist of a system of 
multiple layers of different materials, rather that the single material that exhibits 
the coupling mechanism [3]. Despite this, it is also stated that due to the “common 
usage by engineers and designers” it is accepted that some devices may be referred 
to as smart materials [3]. Different smart materials have different input and output 
couplings. The ability to “react” to a stimulus means that smart materials can be 
used to give additional functionality to devices and despite being cutting edge 
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technology, smart material systems are already used in objects found in many 
homes and workplaces.  
2.2 Types of Smart Materials 
There are a wide range of materials falling within the blanket name of smart 
materials, since there are a large number of combinations of different field 
couplings. However they can be grouped into three different categories, type 1, 2 
and 2(reversible) [3] or they can be referred to as type 1, 2 and 3 [4]. Type 1 
materials exhibit a property change; type 2 materials undergo an energy exchange 
and when this energy exchange is reversible the materials are named type 
2(reversible) or type 3. 
Table 2-1: Types of smart materials and possible uses for them. 
Name of Smart 
Material 
Type Input Stimulus 
Output 
Reaction 
Application 
Electroluminescent 2 Electric potential Light emission Lighting 
Electro chromic 1 Electric potential Colour change 
Smart 
Window 
Photochromic 1 (UV) Radiation Colour change 
Tinted 
Glasses 
Photovoltaic 2 (UV) Radiation 
Electric 
potential 
Solar Cell 
Piezoelectric 3 
Physical 
deformation 
Electric 
potential 
Sensor 
Thermal Shape 
Memory 
1 
Temperature 
change 
Shape change Stent 
Thermo chromic 1 
Temperature 
change 
Colour change Thermometer 
 
With a few exceptions, the names of different smart materials are related to the 
domain coupling they exhibit; the first part of the name relates to the input and the 
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second part to the output; Table 2-1 shows a number of examples adopting the 
type 1, 2, 3 nomenclature. A short explanation of some of the different types of 
smart material follows. 
Electroluminescent materials emit light upon the application of an electric field [5]. 
Visible light is emitted and since other parts of the electromagnetic spectrum (e.g. 
infra-red) are not also emitted, the devices are cool to the touch and energy 
efficient. The devices have a layer structure which can be applied to thin substrates, 
as a result the devices are also lightweight and may be flexible; they also have the 
benefits of being robust as they do not contain easily breakable parts such as a 
filament [3]. 
The two main areas of application of electroluminescence are in lighting and display 
technology. For use in lighting and advertising, multi-layer electroluminescent 
sheets and strips can be incorporated into items or can be retrofitted to almost any 
surface or product; different shapes and designs can also be printed to order. 
Matrix structures of layer materials can be printed to produce thin, lightweight, 
flexible flat panel displays (FPDs) with improved brightness, viewing angle, 
efficiency and response times, when compared to previous flat panel technology 
such as LCDs.  Since this particular smart material system is the focus of this project, 
further details follow in the next chapter, Electroluminescent Systems. 
Electro chromic, photochromic and thermo chromic materials all respond to 
different stimuli with a colour change; these are often utilised as a useful visible 
indication [6, 7] of a normally non-visible change. 
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Electro chromic materials undergo a permanent but reversible electrochemical 
reaction which switches the molecule between its reduced and oxidised states [3, 8, 
9]. Electro chromic devices have a layered structure where the electro chromic 
material, an ion storage layer and an electrolyte, are positioned between two 
transparent electrodes [3, 8, 10] (see Figure 2-1). The application of a potential 
difference across the electrodes (the switching voltage) induces an electric field 
between the electrodes. This causes charge to be transferred from the ion storage 
layer across the electrolyte and into the electro chromic material; which results in 
either a reduction or oxidation reaction [10]. 
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Figure 2-1: A diagram showing how electrochromic windows work. 
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The change is visible to an observer because the material has different absorption 
properties in each different state, causing differences in how much light is 
transmitted or absorbed [6, 9]. The most common transition undergone is between 
transparent and opaque [6, 9]. The voltage is only required during “switching” [11] 
and the new state is maintained until the reaction is reversed by applying an 
opposite voltage or by short circuiting the system [10]. 
The photochromic mechanism is very similar to that of electro chromism; the 
molecule can exist in different states, each with different absorption properties [3]. 
The difference occurs in the stimulus; photochromic materials change state when 
they are subjected to radiation of a particular wavelength which causes a 
photochemical reaction to occur [7]. When the radiation is not incident on the 
material, the substance returns to its original state [3]. 
When a photochromic material is irradiated it is not only the colour that changes, 
electrical properties such as conductivity also change and as such there is interest in 
these materials acting as photo-switches [12]. 
A thermo chromic device changes colour when there is a change in temperature; 
they can be made from liquid crystals or dyes. The dyes often only change between 
colourless and a single colour and as such are often only used when a single change 
needs to be indicated. The liquid crystal type contain multiple layers of crystals; 
when the temperature changes, the orientation of the crystals changes and the 
wavelength (and therefore the colour) of the reflected light changes too [7]. Liquid 
crystal thermo chromic materials are used when more accuracy is required or to 
indicate changes over a wide temperature range [3]. 
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Colour changing materials are an example of smart systems currently used in a 
number of common uses within the home; forehead thermometer strips 
incorporate thermo chromic technology, and reactive lenses (a coating applied to 
glasses that becomes tinted in sunlight) utilise the photochromic phenomenon [3, 
4]. Electro chromic windows are available; a voltage applied at the flick of a switch 
can change glass from transparent to tinted/opaque and back again [3], further 
developments include utilising thermo chromic or photochromic layers to produce 
smart windows with the ability to react to the Sun or a buildings environment [10, 
13]. 
Liquid crystals can be used to alter the path of light in order to produce displays; 
two simple examples are calculator and digital clock screens [7]. Liquid crystal 
displays (LCDs) are also multi-layer devices; the minimum requirements are 
polarising layers, transparent electrodes and the liquid crystal layer but there also 
can be adhesives, protective films and surface treated films [14]. Upon application 
of an electric field the liquid crystals change orientation which affects the 
polarisation of light passing through it causing it to switch between transparent and 
opaque [7, 8] however the current must be maintained in order to keep the 
material opaque [3]. LCD screens are often accompanied by an electroluminescent 
backlight. 
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The liquid crystal (LC) material is positioned in between two transparent electrodes, 
and that system is placed in between two polarising films (at 90° to each other) 
[14]. A common type of LC is twisted nematic and in this, the active bulk layer is 
comprised of many individual molecular layers of crystals. In the “off” state, the 
crystals in each layer are positioned horizontally, with the slight difference in each 
layers alignment resulting in a twisted structure. The twisted crystal architecture 
rotates the orientation of the entering polarised light through 90° so that it is then 
aligned with the second polarising film; this means that light can pass through the 
LCD structure. In the “on” state, the electric field induced by the applied voltage 
Figure 2-2: A diagram showing how common nematic liquid crystals can (within a multi-layer structure) transmit 
(left) or block (right) light; the electrode layers have been omitted for simplicity. 
Applied 
Voltage 
No Applied 
Voltage 
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causes the crystals in each molecular layer to align vertically [14]. In this 
arrangement, the alignment of the entering polarised light remains unaltered and is 
therefore blocked by the second polarising film; this means that light is blocked by 
the LCD structure. Figure 2-2 shows both the transparent and opaque states of an 
LCD. 
Photovoltaic (PV) materials have the ability to generate an electrical energy by 
absorbing light (specifically UV solar) energy [15]. PV cells have a multi-layer 
structure with conductive contacts either side of the active layers. Light passes 
through the contact grid and hits the photovoltaic material causing electrons to be 
excited into a higher energy band. These electrons, and the resulting “holes”, move 
to opposite electrical contacts which causes a potential difference between them, 
which in turn induces a current through the circuit [16].  
  
 
Figure 2-3 shows how the PV cells work; the green rings represents holes and the 
red circles represent electrons, the p-n junction between the two types of 
semiconductor allows the flow of electrons in only one direction. When a photon 
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Figure 2-3: A diagram showing the typical structure and mechanism of a PV cell. 
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from the Sun’s light hits a molecule in the PV semiconductor layer, the energy 
absorbed from the photon excites an electron into the conduction band. Electrons 
in the conduction bands of semiconductors can move within the layer and flow in 
the “n” direction, this results in the apparent flow of the holes in the “p” direction. 
The movement of the charge carriers in separate directions results in an electric 
field, which means there is a potential difference between the contacts; so when 
they are connected, electrons (i.e. a current) flow(s) through the circuit [15, 16]. 
These so called “solar cells” use PV technology to convert solar energy into more 
useful electrical energy. Calculators often contain solar cells and arrays of them can 
be seen on buildings; portable PV devices are also available which are used to 
charge small electrical items. Current research is also investigating the benefits of 
photovoltaic/thermal collectors which can simultaneously generate electricity and 
heat air or water [17-21]. 
A piezoelectric material has a two-way relationship between the mechanical stress 
within it (deformation) and the potential difference (voltage) across it [3]. 
Deformation of the material can cause a voltage across it and an applied voltage 
can cause the material to deform. Quartz is a common piezoelectric material used 
in watches; the battery causes a regular oscillation of the quartz which is used to 
keep time. Airbags contain a piezoelectric sensor; the impact causes a voltage 
which is detected and the airbag is deployed. Push ignition buttons also utilise this 
effect, by creating a spark [3]. Due to the mechanical-electrical relationship, 
piezoelectric materials are often used as sensors and actuators [22]. 
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Shape memory materials have a permanent shape; this shape can be deformed and 
then the original shape can be recovered when the material undergoes a particular 
stimulus [23, 24]. Polymers are one type of material that have this ability, and 
temperature is one of a number of different stimuli that can be used to initiate the 
shape change; light, moisture and electric fields are other examples [23, 25]. Shape 
memory polymers that are activated by a temperature change are of particular 
interest because the temperature at which the shape transition is initiated can be 
easily controlled [23]. It is hoped that thermal shape memory polymers will be 
commonly used in the medical industry; there is extensive research into self-
expanding stents, self-tightening sutures and drug delivery systems [25, 26]. 
Overall smart materials, and the systems they are part of, are used in a wide range 
of applications and their use is growing; from common everyday objects to state-of-
the-art devices, their “reactive” abilities are utilised extensively however there is 
further potential considering the new ways of using exploiting additional properties 
that are being continually discovered.  
 
Electroluminescent Systems 
 
Beth Middleton  19 
3 ELECTROLUMINESCENT SYSTEMS 
This chapter offers an in-depth review of the overall topic of electroluminescence, 
which is of particular relevance to this project. 
3.1 The Relevance of Electroluminescence 
Although it was first observed in 1907 [27], the phenomenon of 
electroluminescence was not researched in great depth until the latter half of the 
twentieth century. Since then, there has been significant research into all aspects of 
the subject including conductive and light emitting materials (more recently organic 
as well as inorganic), device structure and processing techniques. Currently interest 
in electroluminescence is high, as the benefits over traditional light emission are 
seen to solve many of the problems relevant in today’s energy conscious and 
performance demanding society, e.g. devices are lightweight, low power and 
efficient [28]. Research into organic electroluminescent (EL) technology is currently 
progressing along two different developmental pathways; initially interest into 
using matrices of devices to create flat panel displays (FPDs) dominated, but now 
using EL materials to create large area, single colour lighting is catching up [29, 30]. 
There are many acronyms used in this chapter so a short abbreviations table (Table 
3-1) has been included here to aid the reader. 
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Table 3-1: Common abbreviations used in this chapter. 
Abbreviation Full Term 
(AC)TFEL 
(Alternating Current) Thin Film 
Electroluminescence 
EL Electroluminescent/Electroluminescence 
ELD Electroluminescent Device 
FPD Flat Panel Display 
PDP Plasma Display Panel 
LCD Liquid Crystal Display 
LED Light Emitting Diode 
LEP Light Emitting Polymer 
OLED Organic Light Emitting Diode 
PLED Polymer Light Emitting Diode 
WOLED White Organic Light Emitting Diode 
SMOLED Small Molecule Organic Light Emitting Diode 
ITO Indium Tin Oxide 
EML Emissive Layer 
HTL Hole Transport Layer 
ETL Electron Transport Layer 
HIL Hole Injecting/Injection Layer 
EIL Electron Injecting/Injection Layer 
 
Electroluminescent devices are multi-layer structures, where the smart light 
emitting material and often other layers are sandwiched in between two 
electrodes; an example of such a structure is shown in Figure 3-1. 
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3.2 Types of EL Devices 
Electroluminescent devices can first be divided into two groups based on the 
materials they are made from; organic and inorganic. Devices classified as organic 
are not completely manufactured from organic materials but have a minimum of 
one organic/carbon/polymer based layer [30]; electrode and charge transport 
layers can be either organic or inorganic. 
A Venn diagram has been constructed showing how electroluminescent devices can 
be separated into groups; this also indicates the hierarchy of the categorisation and 
how the groups relate to each other (Figure 3-2). For example, “powder phosphor” 
electroluminescent devices fall within the “high field” category, which itself is part 
of the larger “inorganic” group; “injection” devices are also inorganic but do not 
include and are not related to the “powder phosphor” type. 
 
Rear Metallic Electrode 
Light Emitting 
Phosphor 
Transparent 
Electrode 
Transparent 
Substrate 
Figure 3-1: An example of a multi-layer electroluminescent structure 
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Figure 3-2: A Venn diagram showing the categorisation of electroluminescent devices. 
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3.2.1 Inorganic 
Inorganic EL has a longer history [31] and therefore is further developed than 
organic EL; early, simple displays on commercial appliances date back to the 1970s 
and currently high resolution LED flat screen TVs are widely available. Different 
types of EL devices are suited to different applications; the following sections 
summarise the range of inorganic EL technology. Inorganic EL can be classified as 
either high field or injection [5] depending on the mechanism of light emission. 
High field ELDs (electroluminescence devices) have a capacitor structure and rely on 
a strong alternating or direct current electric field to accelerate charge carriers; this 
category can be further separated into powder phosphor devices and thin film 
electroluminescence. 
Inorganic EL lamps and backlights typically use powder phosphor high field 
electroluminescence and thin film electroluminescence (TFEL) is used in FPD 
technology [5, 31, 32]. Alternating current thin film electroluminescent devices 
(ACTFEL) are preferable over direct current devices due to the poor efficiency and 
reliability of the latter [5]. 
Inorganic injection devices generally utilise the recombination mechanism. EL 
occurs when injected charge carriers meet at a p-n junction; electrons and holes 
recombine and emit energy in the form of a photon. No overall current flows 
through this type of device as the active material does not need to be in direct 
contact with the electrodes; LEDs utilise this type of electroluminescence. [5] 
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3.2.2 Organic 
Organic EL devices contain at least one organic layer within the device 
architecture/structure [30]. They have diode structure with a p-n junction and can 
be separated into two categories: small molecule organic light emitting diodes and 
polymer light emitting diodes [33-36]. 
3.2.2.1 Small Molecule 
The first type of OLED to be developed was using small organic molecules; these are 
now known as SMOLEDs but can still be referred to as OLEDs due to the fact that 
initially these were the only type. Deposition of small molecule layers is similar to 
inorganic devices; vacuum deposition methods are required and as a result 
production is complicated and expensive [34]. 
3.2.2.2 Conjugated Polymer 
A later development in organic electroluminescence saw the use of conjugated 
polymers as transparent electrodes, emissive and charge carrier layers. Organic 
light emitting diodes based on conjugated polymers are known as PLEDs (for 
polymer light emitting diode). The conjugated polymers in PLEDs are solution based 
so this type of device can be manufactured by spin coating and printing methods. A 
more detailed description of conjugated polymers is included in the “Conductive 
Polymers” section 4.5. 
In this project, both conductive polymers and inorganic materials in a polymer 
matrix were used to produce ELDs with a capacitor structure, operated by the high 
field mechanism. 
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3.3 Electroluminescent Emission Mechanisms 
Luminescence occurs when energy from an excited EL molecule is emitted in the 
form of a photon, this is known as radiative relaxation [5]. The excitation can be 
induced in a number of different ways; by high electric fields, impact from charge 
carriers and recombination of charge carriers [5]. 
In high field EL, emitting states are directly excited by a strong AC or DC electric 
field; electrons from the valence band (the highest occupied molecular orbit or 
HOMO) of the active molecules gain energy and move to the conduction band (the 
lowest unoccupied molecular orbit or LUMO) by field ionisation [33]. 
Impact EL occurs when high electric fields across the device accelerate charge 
carriers; these charge carriers collide with the active molecule, exciting or ionising 
them [33]. 
Recombination EL can occur in a bulk layer (in ELDs) or at a p-n junction (in LEDs) 
[33]. Electrons are injected by the cathode, holes are injected by the anode and 
they drift in opposite directions. They meet and recombine in the emissive layer; 
energy is released by recombination which excites a molecule (forming an exiton) 
[37]. The molecule is excited because an electron moves into a higher energy state 
when the recombination energy is absorbed; a higher energy electron then moves 
to re-fill the ground (most stable) state and causes a photon (light) to be emitted. 
Recombination can occur at different positions between the electrodes due to 
differences in the mobility of the electrons and holes [30]. Recombination can also 
occur at a p-n junction; the mechanism is the same but the charge carriers originate 
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in the “p” and “n” semi-conductors, rather than been injected from the electrodes 
[33]. 
3.4 Uses and Applications 
In the early days of commercial applications single colour electroluminescent 
devices were used for illuminating watch faces and automotive dashboards. The EL 
phenomenon is now used in a wide range of applications; some examples where 
the technology has been incorporated are backlighting LCDs, illuminating large 
advertising boards and providing low intensity feature lighting [38]. In the future it 
is hoped that large area solid state lighting will be provided by organic EL devices 
[36, 39] and become the standard method for lighting a building, but as of yet the 
lifetime and efficiencies of devices do not match that of other lighting technology 
[34]. Multi-colour matrix arrays of devices are used in inorganic LED TVs and these 
are becoming commonplace for commercial and domestic use. Small organic multi-
colour EL displays are already used commercially in car stereos, MP3 players [29, 
30] and mobile phones [34]; an expensive, small OLED TV has been commercially 
released by Sony but larger organic displays are currently only for demonstration 
purposes rather than being commercially available [34]. 
3.5 Benefits of Electroluminescence 
Electroluminescence is moving towards replacing existing technology in many 
areas. Small and large display applications [34, 40], advertising and potentially 
lighting [29, 30, 36, 41, 42] are utilising the EL mechanism; a number of advantages 
sees EL outperform traditional technologies. The following sections describe how EL 
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devices are an improvement on conventional components and how moving 
towards organic materials offers further benefits. 
3.5.1 Benefits of EL over other light sources 
Electroluminescence is preferable over traditional lighting mechanisms such as 
incandescence due to its low power consumption (due to high efficiency), also 
sources remain cool to the touch, and encapsulated devices are robust, tolerating a 
range of operating conditions [28]. The prospect of having completely flat, flexible 
or transparent light features is also appealing [36]. A further advantage is that an EL 
light source will not undergo instant failure, but get dimmer over its lifetime [33].  
3.5.2 Benefits of LEDs in FPD Technology 
The use of LEDs in FPDs offers many significant benefits over the commonly 
available LCDs and PDPs; a wide viewing angle, good contrast, resolution and colour 
variation result in better quality viewing [28, 35, 43]. The LED displays are very thin 
and lightweight making appliances less bulky [30, 44]; they are also self-
illuminating, and a fast response time means crisper high speed images [33]. 
3.5.3 Benefits of PLEDs over LEDs 
Conventional LEDs based on inorganic crystals (GaAs etc.) are not suited for large 
areas/arrays; they are brittle and so are unable to be used for flexible displays and 
the crystals are expensive to grow [39]. SMOLEDs are also produced using high 
temperature vapour-deposition techniques [34, 35] giving similar processing 
disadvantages. 
There are many manufacturing advantages of using conjugated polymers in OLEDs; 
solution based processes such as spin coating and printing [34] can be used 
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resulting in the ability to process large areas, use flexible substrates, and produced 
patterned electrodes for displays [35]. These production methods are cheaper and 
easier than vacuum deposition techniques as they can be performed under 
atmospheric conditions. 
Despite all of the benefits of OLEDs for lighting and displays, there are still 
significant limitations such as operational lifetime, transparency [36] and the need 
for absolute encapsulation of polymer devices [40]. 
3.6 Structure of EL Devices 
The structure of EL devices can vary greatly but are always multi-layer systems; in 
addition to the minimum requirement of the emissive layer and two electrodes 
[30], further layers can be incorporated to increase efficiency [35]. 
Further differences arise when the use of the device is taken into account; it may be 
necessary to have a single device with uniform large area layers or to have an array 
of individually controlled micro devices. When EL is to be utilised as a lighting 
technology to illuminate or highlight specific areas (including advertising) one large 
single device is used. These devices are a single colour, cover a large area and are 
formed in panels, wires and strips; they can also be printed to take on a specific 
shape (within some constraints). Flat panel displays use a matrix array of micro-
devices, each of which can be controlled individually in order to give a large area 
multi-colour dynamic display [34]. 
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3.6.1 Layer Structures 
The simplest layer structure is a single layer device which has one organic layer in 
between the transparent electrode and the opaque (usually metallic) electrode; an 
emissive layer (EML) [33]. Double layer devices have two layers in between the 
electrodes, a hole transport layer (HTL) and an electron transport layer (ETL); these 
can be categorised by where the light emission occurs, HTL-emissive or ETL-
emissive [33]. Basic OLEDs typically have a double layer structure [34].  
 
 
Triple layer devices have HTL and ETL along with a specific EML in between the 
electrodes [33]. These are the basic ELD structure categories (all shown in Figure 
3-3), however further layers have been investigated in the literature [30, 45, 46]. 
LEDs have “p”-type and “n”-type semi-conductor layers to form the p-n junction. 
Devices where the transparent electrode is the first layer to be applied to the 
transparent substrate will emit light through the substrate material; this is a 
standard bottom emission device. Layers can be applied in the reverse order, so 
that the transparent electrode is the last layer to be applied; this is known as a top 
emission device. 
Figure 3-3: OLED devices structures. (L to R); single layer, double layer ETL-emissive, double layer HTL-emissive and 
triple layer. The dotted red line indicates in which layer emission occurs. 
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3.7 Device Layers 
Each layer within EL devices performs a specific role, the following sections are an 
overview of the purpose, required properties and examples of suitable materials for 
each of the layer types. In order to maximise the lifetime of a device, encapsulation 
of layer materials is essential [35]. 
3.7.1 Transparent Electrode 
It is a requirement of an LED to have a transparent electrode in order for the light 
emitted by the emission layer to be transmitted out of the device. The transparent 
electrode is commonly the anode or hole injecting electrode [34, 35]. A common 
inorganic transparent electrode material is indium tin oxide (ITO); and conductive 
polymers are also used (details follow in chapter 4). Many OLEDs still use ITO as the 
transparent electrode and a conductive polymer as the HTL [29, 35, 47]. Polyaniline 
(PANI), poly(3,4-ethylenedioxy-2,4-thiophene)-polystyrenesulphonate (PEDOT:PSS) 
and Poly(p-phenylene vinylene) (PPV) are all examples of conductive polymer 
transparent electrode materials [34, 35]. 
3.7.2 Busbar 
A metallic busbar is often included along one edge or surrounding the transparent 
conductive layer to ensure even charge distribution across the electrode. 
3.7.3 Light Emission Layer 
As the name suggests, this is the layer from which light is emitted. This is where the 
charge carriers recombine or collide with luminescent centres. Emissive layer (EML) 
materials can be light emitting polymers (LEPs) or small molecule phosphors 
suspended within a polymer matrix, the latter tend to be more efficient emitters 
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[35]. Two examples of LEPs are Poly(p-phenylene vinylene (PPV) and poly(N-
vinylcarbazole) (PVK) [35]. Zinc sulphide phosphors are commonly used and can be 
doped with other elements to emit light of different colours. 
3.7.4 Buffer Layers 
A thin, insulating buffer layer is sometimes required between an electrode and an 
organic layer; these are added to reduce the energy barrier between them [33]. The 
result of adding a buffer layer is to reduce degradation caused by chemical 
interaction, improve device durability [33], increase efficiency and luminance and 
decrease the turn-on voltage [34, 48-50]. 
3.7.5 Cathode 
There is no need for the cathode (electron injecting electrode) in an LED to be 
transparent, so it is usually a paste suspension of a metal or other conductive 
material such as carbon black. Although carbon black is cheaper it is preferable to 
have a metallic rear electrode as this will reflect emitted light back through the 
transparent electrode and so improving the light out efficiency. Silver, nickel and 
carbon based pastes and inks are available for use as rear/opaque electrodes [35]. 
3.7.6 Transport Layers 
To improve the efficiency of LEDs, extra layers can be added into the structure to 
aid the transport of charge carriers; these are usually called the electron transport 
layer (ETL) and the hole transport layer (HTL); these can also act as blocking layers 
for the opposite charge carrier [33]. Additional electron and hole blocking layer 
(EBLs and HBLs) can be incorporated into the structure; five layer devices like this 
are called “p-i-n type” [30, 51]; however this contradicts Li, who states the p-i-n 
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structure is that of a single layer, light emitting electro-chemical cell (LEC) [35]. The 
purpose of these additional layers is to increase the likelihood that the 
recombination of holes and electrons occurs in the emissive layer, resulting in more 
light emission [30]. 
3.8 Production Methods 
This project is focussing on ELDs made using soluble conjugated polymer materials; 
this section will be limited to the current production methods of this type of device.  
The ability to print conjugated conductive polymers results in a number of 
advantages during processing; solution based printing can be undertaken in 
atmospheric conditions as opposed to a high temperature vacuum required for 
depositing inorganic materials [35]. 
Different methods (both solution based and thermal deposition) can be used to 
apply different layers and this has often been seen in the literature [52-55]. All of 
the following methods are carried out on flat substrate materials. 
3.8.1 Spin-Coating 
Spin-coating is an effective and established method of producing thin films of 
polymer based materials [34]. An amount of material is placed in the centre of a 
disc, revolving at a high rate; centrifugal forces cause the material to spread 
outwards as a film; the film is then cured [56]. The thickness of the film can be 
controlled by altering the solution and process conditions but the processibility of 
very thin or very thick films is complex [34]. This method of film production wastes 
Electroluminescent Systems 
 
Beth Middleton  33 
a large amount of material [29] and does not allow for patterning; it also cannot be 
used to produce large area devices [34]. 
3.8.2 Screen Printing 
Screen printing is the simplest and least expensive method of layer application used 
in producing electroluminescent devices. Paste materials are forced through a fine 
mesh (stretched over a frame) using a squeegee to apply a uniform layer onto a 
substrate. Large areas can be processed and shapes can be created by masking part 
of the screen. Displays can be processed using this method but resolution is low 
[33, 35]. 
3.8.3 Inkjet Printing 
Inkjet printing can be used as a method to apply small drops of solution based layer 
materials accurately and to a high degree of resolution [57, 58], producing a matrix 
of individual pixels [34]; and as such is suitable for display processing [35]. Problems 
associated with inkjet printing are drying time (solvent evaporation), clogging [33, 
35] and the requirement to ensure adjacent materials are insoluble to each other 
[34]. 
3.8.4 Roll-to-roll 
There a number of different roll-to-roll methods of laying down patterned layers of 
material and these methods can offer the best economic value [35] and high speed 
[59]. All roll-to-roll processes are continuous, whereby rollers convey the substrate 
material, transfer the high viscosity liquid and print onto the substrate surface; 
patterns are created by altering the surface of one of the rollers [35]. Some 
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examples are gravure printing, doctor blading and flexographic printing [60]. These 
are effective processes for producing large area devices and high volumes [35]. 
3.9 Recent Developments in Organic EL Devices 
Research into organic EL is progressing down many paths; within the two main 
areas of lighting and display technology, developments are being made in device 
production, efficiency and composition. An overview follows. 
With the huge potential of using EL as a mechanism for providing efficient solid 
state lighting there is considerable interest in creating devices that emit white light. 
Jwo-Huei Jou et al have produced a WOLED with a very high colour rendering index 
(CRI) of 98 by using a double white emitting layer and an addition hole modulation 
layer [47]. White PLEDs have also been produced using a multi-layer structure with 
both red and blue emitting layers [45], and the colour tuning of PLEDs to produce a 
white light has also been investigated using red and green dyes in combination with 
a blue emitting system [36]. Graphene based materials have also been used to 
produce an intense blue light which can be used with other colours to produce a 
white emitting device [61]. 
Another factor when considering EL for lighting applications is the manufacturing 
process; the cost, scale and ease of manufacture will play a significant role in the 
possible up-take of this technology. There is significant research into developing 
easier solution based processes and techniques that have the ability to 
manufacture large areas; gravure, inkjet, contact, stamp transfer and roll-to-roll 
printing are some examples [29, 53, 54, 57, 59]. Soft lithography processing has also 
been investigated [38, 43] and patterned polymeric anodes have successfully been 
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created using a peel-off soft lithography method [62]. A combination of production 
techniques has also been investigated where both spin coating and evaporation 
techniques are used to apply different layers with no decrease in the device 
performance [55]. Research is being carried out into processing techniques for 
display applications; microcontact printing [63] is one such example. The ability to 
produce flexible devices is well established but more recently there has also been a 
piece of work into producing EL devices on curved surfaces [64].  
If organic EL is to be a viable lighting option, a number of obstacles need to be 
overcome (obstacles shared with organic photovoltaics); extending operational 
lifetime, efficiency degradation and encapsulation options are all areas of current 
research [65-67]. 
As with any industry, there is also work being carried out into improving the 
efficiency of EL devices. Some research has been carried out to increase emission 
within the devices, as well as changing the formation of devices to increase the 
amount of light that exits the device; these are often called light extraction 
techniques [68, 69]. There are a number of methods of improving light extraction 
from LEDs and even though these are not necessarily specific to organic devices, 
the principles remain the same. Some changes to LEDs that can improve light 
extraction are: altering the shape of devices, including light reflective layer(s) and 
surface modification [68, 69]. There is also particular interest in using additional 
layers within the device structure; efficiency of devices have been improved using a 
hole modulating layer [47], an additional layer in between HIL and HTL [46], nano-
fullerene layers [70] and layers incorporating carbon nanotubes [71, 72] 
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Stacked devices have also been created that increase illuminance without the need 
to increase current density; this is done by multiple-photon emission (MPE), i.e. 
each stacked device emits a photon [73].  
3.10 Summary 
In summary, it is clear that solution based processes based on polymeric materials 
offer easier manufacturing (compared to inorganic processing) and the large 
process areas required to open up the lighting market. Screen printing of EL devices 
is widely used and materials are commercially available, and despite the inability to 
transfer this method in-mould, the materials would make a good starting point for 
this project.  
Although research has been carried out to improve the efficiency of devices and 
develop new processing methods, there is still a very limited ability to produce EL 
devices on 3D surfaces; and a method of processing EL materials onto a 3D surface 
of an item during its manufacture was not found. 
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4 PLASTIC MATERIALS 
Plastics are a versatile group of materials utilised to varying degrees in a majority of 
modern day sectors. They have developed significantly since their origins over 100 
years ago and their adaptability means materials with specifically customised 
properties have been produced and have often replaced the use of traditional 
materials in many areas [74, 75]. Plastics can be categorised in many different ways; 
according to their thermal behaviour, the source of their raw materials, and their 
usage, to name just a few. The most common ways of organising similar plastic 
materials into groups will be detailed in the next two paragraphs. 
Plastics are separated into two main classes: thermoplastics and cross-linked 
plastics. Thermoplastic materials can be remoulded and cross-linking materials 
undergo an irreversible reaction [76, 77]. Further differences between the two 
classes will be described later in this chapter. Some examples of thermoplastics and 
cross-linked plastics are given in  
Table 4-1. These two classes can be further divided into groups depending on their 
molecular structure; this will also be detailed later. 
Table 4-1: Common examples of thermoplastics and cross-linked plastics 
Examples of Thermoplastics Examples of Cross-linked Plastics 
Polyethylene (PE) 
Polypropylene (PP) 
Polycarbonate (PC) 
Poly(ethylene terephthalate) (PET) 
Acrylonitrile butadiene styrene (ABS) 
Polystyrene (PS) 
Poly(vinyl chloride) (PVC) 
Nylon/Polyamide (PA)  
Epoxy 
Unsaturated Polyesters 
Melamines 
Vulcanised Rubber/Polyisoprene 
Phenolics 
Polybutadiene 
Polyurethane 
Silicone 
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Commercially, plastics can also be classified by their cost and performance; they 
can be divided into the following groups: commodity plastics, engineering plastics, 
high performance plastics and functional plastics. Examples of each of these groups 
are given in Table 4-2 on the following page. Commodity plastics are generally the 
cheapest group and manufactured in bulk, they are standard materials and their 
properties are poor in comparison to other groups. From commodity to engineering 
to high performance materials, the mechanical properties improve from group to 
group; also the cost generally increases and the quantity in which they are 
manufactured decreases. Functional plastics are speciality materials used because 
they have properties for a particular purpose; these tend to be expensive and 
manufactured in smaller quantities than the other groups [76-78]. 
Table 4-2 follows on the next page. 
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Table 4-2: Examples of materials categorised by use/performance. 
Group of 
Plastics 
Name of plastic Features; Uses 
Commodity 
Polyethylene (PE) 
Flexible, low density; Packaging, 
pipes, storage and bags 
Polypropylene (PP) 
Impact resistant, flexible; Pipes 
& fittings, device housings 
Polystyrene (PS) 
Transparent; Containers. 
Expandable grades used in 
packaging 
Poly(ethylene terephthalate) 
(PET) 
Transparent; Drinks bottles, 
food trays 
Engineering 
Acrylonitrile butadiene styrene 
(ABS) 
Tough, good impact strength; 
helmets, steering wheels 
Poly(butadiene  terephthalate) 
(PBT) 
Tough, dimensionally stable; 
Automobile parts, home 
appliances 
Polycarbonate (PC) 
High strength, tough, clear; 
Housings for devices, CDs 
Polyamides (PA) 
Tough, rigid; Bolts, gears and 
bearings 
High 
Performance 
Polyetherketones (PEK) 
High melting temperature, 
excellent mechanical resistance; 
Aerospace components, circuit 
boards 
Polysulphones (PSU) 
Transparent, high heat 
distortion, stiff; resists in 
semiconductors, automobile 
parts near engine 
Polyimides (PI) 
High use temperatures, 
dimensionally stable; 
Construction, bearings, gears 
Polyarylates (PAR) 
Tough, good elastic recovery, 
thermally stable; electrical and 
construction applications 
Functional 
Poly(ethylene-co-vinyl alcohol) 
(EVOH) 
Gas barrier properties; Food 
packaging 
Poly(tetrafluoroethene) (PTFE) 
High heat distortion, low 
surface friction, insoluble; non-
stick coatings 
Poly(vinylidene fluoride) 
(PVDF) 
Withstands solvent and 
chemical attack; O-rings 
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Plastics are manufactured by combining a polymer foundation with additives in 
order to make commercially useful materials [75, 77, 79]. The range and function of 
additives will be discussed later in section 4.4.  
4.1 Thermoplastics 
Thermoplastics are materials that can be melted, moulded and cooled into a solid 
shape; this process can be repeated [80, 81] as there are no strong permanent 
bonds in between chains only relatively weak intermolecular forces that can be 
overcome with heat energy [76, 82]. Due to the fact that thermoplastics can be 
remoulded, they are a suitable group of materials for recycling [75] and have the 
ability to be welded [74]. The internal structure of plastics can vary significantly 
therefore so can properties such as strength, flexibility, and toughness but common 
thermoplastics at room temperature are generally flexible and tough with low 
operating temperatures. Some examples of ways in which the internal structure of 
the plastic can differ are chain length, branching and symmetry; an example is 
shown in Figure 4-1. 
 
 
Figure 4-1: A diagram to show both linear (A) and an example of branched (B) chain structures within a 
thermoplastic. 
A B 
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Examples of thermoplastics are polyethene, polycarbonate, 
poly(methylmethacrylate), nylon and poly(vinyl chloride) [75, 83]. Thermoplastics 
have a wide range of uses including food packaging and bottles, laboratory ware, 
sterilisable medical equipment, containers, pipes and bags [75, 83]. 
4.2 Cross-linked Plastics; Thermosets and Elastomers 
Some types of plastics (elastomers and thermosets) undergo a cross-linking or 
curing reaction; this can be initiated by high temperature, a catalyst or a specific 
frequency of electromagnetic radiation. Thermosets and elastomers have cross-
linked networks to varying degrees [74], thermosets are highly cross-linked and 
elastomers to a lesser degree (this can be seen in Figure 4-2). 
 
 
During the curing reaction strong bonds form between chains creating a three 
dimensional molecular network [75]; meaning the molecules extend across the 
whole volume of the material [82]. Once the curing reaction has taken place the 
plastic cannot be remoulded as the cross-linking bonds are permanent [80]. Due to 
the cross-linking, thermosetting plastics are generally hard, rigid, strong and brittle 
at room temperature and can be used at high operating temperatures [74, 76, 84]. 
A B 
Figure 4-2: A diagram representing partially crosslinked (A) and highly crosslinked (B) chain structures 
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Some examples of thermosetting plastics are epoxies, polyurethane, thermoset 
polyesters and phenolics [75]. Thermosets are used for applications such as 
adhesives, heat resistant handles and laminates and surface coatings [75, 83].  
With elastomers the level of cross-linking is much less than that of a thermoset so 
the change to properties is to a lesser degree. Elastomers exhibit elastic, rubbery 
behaviour at room temperature and are able to recover from large deformations 
[74, 82]. Some examples of elastomers are polyisoprene, silicone, polychloroprene 
and polybutadiene [83]. Elastomers are used in the production of seals, grips, 
handles, inner tubes and waterproof liners [75, 83]. 
Once a curing reaction has occurred, a materials properties are irreversibly 
changed; it can no longer melt but will decompose upon heating [75, 80]. 
The transparent electrode in the EL devices made in this research is a conductive 
polymer that requires curing.  Thermally activated crosslinking (as opposed to UV 
curing) would be easier to initiate in-mould but it may be problematic to achieve 
the required cure temperatures within the injection mould tool. 
4.3 Blends and Alloys 
Blends and alloys are mixtures of two or more polymers [85] that make up the 
plastic material. They are made in order to combine the desirable properties of 
different materials [76]; for example, a mix of a “glassy” plastic and a “rubbery” 
plastic results in a commercially attractive material that is both rigid and impact 
tough [86]. Blends are generally a mixture of chemically incompatible polymers and 
alloys are compatible mixtures [77]. 
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Composite materials are also a mixture, however these are usually combinations of 
two or more distinct materials [77]. One material (the reinforcement) is usually 
distributed amongst the other (the polymer matrix) [80]. Materials such as glass, 
aramid, carbon and other polymers (usually in a fibre form) [76] are set within the 
matrix in order to utilise the properties of both constituent materials [78]. There is 
a huge range of composites since thermoplastic, elastomer and thermoset 
polymers can all be used as the continuous medium and can be combined with a 
variety of different reinforcements, configured as short, long or a range of woven 
fibres and mats [82]. Laminated structures can also be considered as composites; 
this project includes incorporating different layer materials into the wall of a 
moulded part, so a brief description of multi-layer materials follows. 
4.3.1 Multi-layer Plastics 
In order to incorporate the functions of different plastic materials into one item, 
multi-layer plastics are produced [87, 88]. Multiple materials are combined to form 
a single piece; it is important that the components remain distinct from each other, 
often in a layer structure [88]. Multi-layer materials are regularly used for producing 
packaging; examples of sectors that use multi-layer storage and packaging are food 
/ grocery, healthcare and agriculture / chemical [87]. The layers can be aesthetic, 
adhesive, have specific functions such as barrier properties, or be a cheap substrate 
material or a recyclate [87]; Figure 4-3 shows some of the different layers that are 
often combined in a multi-layer packaging material produced using blow moulding. 
Six or seven layer materials are frequently manufactured to provide the required 
properties [80, 87].  
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Food packaging is a widespread and familiar example of the versatility of multi-
layer technology; some properties that can be integrated into materials are barrier 
properties to ensure long shelf lives, a layer that enables materials to be heat 
sealed, materials that comply to standards when in direct contact with food, and 
thermal resistance for containers such as sauce bottles that are filled with hot 
foodstuffs [80, 87, 89]. By using a multi-layer structure these properties are 
incorporated into the packaging whilst still retaining features such as flexibility, 
transparency and low cost. 
Some examples of specialist materials commonly incorporated as barrier layers are: 
ethylene-vinyl alcohol co-polymers (EVOH), which provide good barrier properties 
for flavour, aroma and oxygen [87, 88]; fluorinated-chlorinated plastics such as 
polychlorotrifluoroethylene (PCTFE), which provide excellent moisture barrier 
properties and vinylidene chloride co-polymers (PVDC), which provide both oxygen 
and water vapour barrier properties to a high degree [87]. Although these materials 
are expensive, they make up just a thin layer of the overall structure, which makes 
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Figure 4-3: A cross-section showing a typical multi-layer plastic structure incorporating recycled 
material, barrier properties and surface decoration. 
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the use of it affordable yet still integrating the desired property into the 
manufactured material. 
Multi-layer materials are produced fairly easily by co-extrusion and processes that 
use extrusion as the first stage [80]. Other processing methods include variations on 
injection moulding, laminating and coating; some examples will follow in Chapter 5. 
4.4 Additives and Modifiers  
Additives and modifiers are combined with a polymer to make plastic materials 
[80]. These improve/impart characteristics in order to make the material more 
commercially appealing [77]. The additives and modifiers in Table 4-3 are some of 
the most common used in the plastics industry, but are just a few of the many 
available. 
Table 4-3: Some common additives and modifiers used in the plastics industry. 
Additive/ 
Modifier 
Function 
Active Filler 
Active fillers are also called reinforcing fillers; they are modifiers 
that have an intentional impact on plastics properties such as 
strength and stiffness. Carbon black, kaolin and mica are common 
active fillers [77, 86]. 
Inactive Filler 
To make the plastic material cheaper by adding volume [80]. Some 
examples are chalk, talc and clay [77, 80, 86]. 
Coupling Agent/ 
Compatibiliser 
Coupling agents are additives used in plastic materials to improve 
the bonding between the polymer and fillers [76, 77, 86]. 
Dyes A soluble colourant that mixes with the molten plastic [86, 87]. 
Pigments 
An insoluble colourant that remains suspended in the plastic [86, 
87]. 
Plasticisers 
Plasticisers are added to plastics to improve the flexibility/reduce 
brittleness of the final plastic product, and to improve the 
processibility of the plastic by lowering the viscosity of the 
material during processing [77, 80, 86, 87]. 
Reinforcements 
Fibres made from carbon, glass and aramid can be added to 
plastics to improve properties such as rigidity and strength [80]. 
Chopped strands of fibre can be added to the melt or composites 
can be made using mats or braided fibres. 
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Stabilising 
Agents 
Stabilising agents make plastic materials less reactive to external 
stimuli such as oxidation reactions, degradation due to UV 
radiation and burning/heat [87]. They slow the aging of the plastic 
in order to prolong the life of the product [76, 77]. 
 
More recent advances in the plastics industry are around the development of 
conductive polymers; polymers can be modified to conduct electricity by a number 
of different methods, one of which is by using fillers. Since conductive polymers are 
used in this research the following section has been devoted to the different types 
and the progress being made in that research area. 
4.5 Conductive Polymers 
Multi-layer smart structures such as electroluminescent and photovoltaic devices 
require a transparent electrode layer and conductive polymers can be used for this 
function. Polymers have conventionally been considered as electronically insulating 
but the Nobel Prize winning research of Heeger, MacDiarmid and Shirakawa in 2000 
showed that they can be modified to conduct electricity, thus opening up 
opportunities for further use.  
4.5.1 Types 
Chanda et al state that conductive polymers can be separated into two categories: 
filled polymers and intrinsically conductive polymers [90], however the 
“Encyclopaedia of Polymer Science and Technology” includes two further groups: 
ionomers and charge transfer polymers [87], for completeness a description of all 
four groups is included. 
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4.5.1.1 Filled Polymers 
Conductive fillers such as carbon black, graphite fibres, silver and copper can be 
used in high percentage loadings to give a plastic the ability to conduct electricity 
[87, 89, 91]. These materials are also known as extrinsically conductive polymers. 
Benefits to this type of conductive polymer are the relative low cost and its ease of 
processing [87]. However one disadvantage is that properties of the plastic can be 
negatively affected by the high proportion of filler [91]. Further drawbacks include 
lack of reproducibility stemming from the inhomogeneity of the material in the 
micro-scale [87]. 
4.5.1.2 Ionically Conducting Polymers; Ionomers 
An ionomer is a co-polymer of a mixture of organic and ionic monomers; a majority 
of the macromolecule is formed from the organic monomer and the ionic group 
occurs in distinct parts of the chain; it is the movement of the ionic species to 
different positions along the polymer chain that enables conductivity [92]. These 
types of materials are also called polymer electrolytes [92, 93]. It is the ionic 
interactions undergone by ionomers that determine their properties [87]. These 
types of conducting polymers are found in rechargeable batteries and used in LED 
applications (a use that is of particular interest to this project) [87]. Ionically 
conducting polymers are easily processed however they are susceptible to moisture 
damage [87]. Some examples of ionomers used as conductive polymers are 
poly(3,4-ethylenedioxythiophene), known as PEDOT, and poly(styrenesulphonate), 
or PSS. These (and other ionomers) can be combined to give a conductive polymer 
blend. PEDOT:PSS is one of the most commercially developed conductive polymers 
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and although it has one of the lowest conductivities, it is of interest to this research 
project. 
4.5.1.3 Charge Transfer Polymers 
Charge transfer materials are a combination of two constituents, an oxidant and the 
charge transfer polymer [87]; these act as electron acceptor and electron donor 
molecules and it is the partial transfer of charge between these that allows the 
material to conduct [92]. Charge transfer polymers are usually p-type (hole 
transporting), but there are lower efficiency than n-type polymers [93]. Poly(vinyl 
carbazole), (PVK) is an example of a charge transfer polymer [93]. 
4.5.1.4 Intrinsically Conductive Polymers 
Intrinsically (or inherently or electrically) conductive polymers consist of delocalised 
charge carriers along a conjugated polymer chain [87]; the principal polymer 
material must be doped in order to form the charge carriers that conduct electricity 
[90]. In the undoped, neutral form the polymers behave as electrical insulators or 
semiconductors but chemical doping through oxidation and reduction reactions 
delocalises electrons [87]. Since doping is achieved by oxidation and reduction 
reactions, it can be reversed which means these polymers can be “switched” 
between the conductive and neutral state [87, 93]. Conjugated polymers have 
alternating single and double bonds along the polymer chain; meaning there are 
unsaturated carbon atoms next to each other within the structure of the polymer 
[94]. The orbitals of adjacent unsaturated carbons overlap which result in the 
formation of delocalised -states; this means the polymers can be easily 
oxidised/reduced and quasi-charge carriers transfer energy along the chain by the 
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movement of charge density [94]. Polypyrrole and polyaniline are examples of 
intrinsically conducting polymers [3]. 
4.5.2 Uses 
Conductive polymers have many uses, it is an area of research that is steadily 
growing; improved conductivities and processing stability are leading to new 
applications. Some current uses of filled conductive polymers include 
electromagnetic interference shielding; items such as PC housings can be moulded 
using the filled polymer or spray-coated with them [90]. Charge transfer polymers 
have history of use in photocopying [93, 95]. Other conducting polymers can be 
utilised in more technologically sophisticated areas such as printed electronics, 
flexible displays, EL lighting and organic solar cells [95, 96]. 
4.5.3 Recent Developments 
As with the recent developments in OLED technology (as described in Section 3.9), 
research into conductive polymers is focusing on effectiveness (improving 
conductive properties), processing techniques and understanding limits to 
operational lifetime. 
Work has been carried out into understanding and overcoming the influence that 
various external conditions have on conductive polymers such as PEDOT:PSS [97-
99], with the aim of improving robustness, reducing degradation and increasing the 
lifetime of devices utilising them. 
Research into improving the properties of conductive polymer films includes 
developing them into composite materials with other conductive materials such as 
carbon nanotubes [100, 101], and graphene [102, 103]. The use of post-treatments 
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on prepared layers [104] and modifying the polymerisation process [105] have all 
been found to improve the performance of conductive polymer films. 
Research into the scope of conductive polymers has been looked at both from a 
processing perspective and by modifying materials. An investigation into the effect 
of solvents on polymer films has shown an increase in the conductivity in certain 
conditions [106] and the feasibility of electro-spraying PEDOT:PSS has been 
considered as an application method [107]. 
As an alternative to using polymer (and polymer composite) transparent electrodes, 
there is considerable research been carried out into producing thin, transparent 
conductive films from carbon in its various forms; some examples are using carbon 
nanotubes [108-110], graphene [111, 112], and diamond like carbon [31].  
4.6 Plastic Behaviour and Properties 
Some of the properties and behaviour of thermoplastics can be attributed to the 
organisation of the macromolecules in the material. The arrangement of the 
molecules can range from entirely random (amorphous) through the varying 
degrees of alignment of semi-crystalline materials [76]. Figure 4-4 shows the 
arrangement of chains within amorphous and semi-crystalline materials. The 
amorphous material shows no order whereas the semi-crystalline material has 
regions where polymer chains have aligned [82]. The following section will highlight 
the differences in materials with different molecular organisation. 
Plastic Materials 
 
Beth Middleton  51 
 
 
4.6.1 Amorphous 
Some examples of amorphous plastics are poly(vinyl chloride), polystyrene and 
acrylonitrile-butadiene-styrene. Amorphous materials are generally 
transparent/clear and, upon heating, they soften over a broad temperature range. 
Amorphous plastics are often brittle (at room temperature) [74] and have poor 
chemical and wear resistance; however, they have high impact strength [81] and 
undergo low shrinkage when processed [76]. 
4.6.2 Crystalline and Semi-crystalline 
There is no completely crystalline polymer but in many plastics there are regions 
where molecules align and crystallise [89]. Plastics that have a partially or 
predominantly crystalline arrangement within them are generally tough [74] with 
good chemical and wear resistance but low impact strength [81]. When processing 
they have a sharp melting point and shrink considerably [75]. Semi-crystalline 
plastics are generally opaque or milky, some examples are polyethene, nylon and 
polyester [76]. 
A B 
Figure 4-4: A representation of the molecular organisation of A, an amorphous plastic and B, a semi-crystalline 
plastic. 
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4.6.3 Thermal Transitions 
When solid, plastics can be entirely amorphous or have distinct areas with 
crystalline arrangements [83] and upon heating, they pass through different 
transitions depending on that internal organisation [85].  
The glass transition temperature, Tg, is the temperature at which a polymer 
changes from a brittle material to a rubbery material. Below Tg the plastic is said to 
be glassy and it is brittle and rigid. Above Tg the material is able to bend like leather. 
The material is still solid as it cannot flow but it is no longer stiff and inflexible [74, 
85]. As a material is heated through the glass transition temperature, chains within 
the amorphous areas of the material become more mobile, molecules in the 
crystalline areas do not, so the material remains a solid. 
When the heating of a semi-crystalline plastic continues past Tg, the material passes 
through another transition, the melting point, TM. Above TM, the crystalline areas of 
the plastic are now able to move past each other; since the chains in the entire 
volume of the material can now move past each other the plastic is now a viscous 
liquid. If heating continues the liquid becomes less viscous as the temperature 
increases. Entirely amorphous plastics do not have a melting point, but soften as 
the temperature increases. 
Crystallisation of a plastic occurs at the crystallisation temperature, TC. As a molten 
semi-crystalline plastic cools the chains can no longer move past each other, 
continued cooling past TC causes the chains to begin to crystallise and become 
ordered. The plastic is no longer a viscous liquid able to flow but is now a rubbery 
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solid. TC is below TM, since in order for crystals to form the material needs to be 
more energetically stable [85]. 
Figure 4-5 shows the thermal transitions experienced by an amorphous (line A), and 
a semi-crystalline plastic (line B); changes undergone by an entirely crystalline 
material (line C) has been included for comparison. 
 
 
From Figure 4-5 it can be seen that if an amorphous plastic is heated from its glassy 
state it gradually expands as the temperature increases. Past a particular 
V
o
lu
m
e 
Temperature 
Tg TM 
A 
B 
C 
 Glassy material Liquid; decreasing viscosity  Rubbery 
material 
Figure 4-5: A graph to show the change in volume as a function of temperature for A, an amorphous plastic; B, a 
semi-crystalline plastic and C, a crystalline material. Transitions labelled are Tg, glass transition temperature and 
TM, melting point. The schematic below the graph indicates the change in the materials physical behaviour. 
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temperature (the Tg) it will expand at a greater rate; the material will now be 
rubbery in nature, softening and continuing to expand until it steadily becomes a 
viscous liquid. Expansion continues further as the viscosity decreases and the 
temperature increases. A crystalline material will steadily expand in the glassy state 
as it is heated, but as it passes through TM the volume will increase dramatically. 
This happens because crystallised structure becoming disordered and molecules 
move further apart. Once all order is overcome, energy is again used to increase the 
temperature of the now viscous liquid; as the temperature increases, viscosity 
decreases and volume increases.  
Most plastic materials have both ordered (crystalline) and disordered (amorphous) 
regions [74] within them and so incur changes at both transition points. As heated, 
the glassy semi-crystalline material expands; upon passing through Tg the material 
becomes rubbery and expands at a greater rate, chains within the amorphous 
regions can now move past each other. The rubbery material gets softer as the 
temperature increases. At TM the chains in the crystalline regions become 
disordered causing a sharp increase in volume and the material now is a viscous 
liquid with the ability to flow. Past TM the liquid’s temperature increases, the 
viscosity decreases and the material continues to expand [74]. 
4.6.4 Structure and Properties 
This section will briefly describe how polymer chain structural differences have an 
effect on the properties of the plastic material. 
For high molecular weight molecules (and therefore longer chains), the melting 
temperature, TM, of a plastic material is higher [77]. The tensile strength and the 
Plastic Materials 
 
Beth Middleton  55 
viscosity of the melt also increases as the molecular weight increases [85]. The 
regularity of polymer molecules influence the ability of the material to crystallise 
[86], highly branched polymers are less able to align and become ordered and the 
presence of side groups also reduces crystallisability. Syndiotactic and isotactic 
polymers (regularly repeating structures) are more likely to crystallise than atactic 
(random) molecules [86]. 
Thermal transitions are also affected by the structure of molecules, factors affecting 
glass transition temperature Tg are structural changes that affect the flexibility of 
the backbone of the chain; the presence of side groups and unsymmetrical 
polymers with different functional groups or substituent atoms reduce the 
flexibility of backbone and increase Tg [83]. The melting point of a plastic, TM, is also 
affected by symmetry; symmetrical molecules can more easily packed together, 
requiring more energy to overcome attractive forces and have higher melting 
points [83]. So, unsymmetrical and irregular molecules are more likely to have 
lower melting points. 
Generally chain branching decreases density, lowers melting point and decreases 
tensile strength of a plastic [75] and crosslinking removes the ability to flow even 
upon heating [82]. Density is principally affected by molecules’ ability to pack 
closely together with linear polymers being more likely to crystallise and be more 
dense [85], however in low density (open, random structure) amorphous plastics 
the presence of heavy atoms such as chlorine increase density [86]. The solubility of 
a material is defined by the compatibility of functional groups in the solvent and the 
polymer chain [86].  
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4.6.5 Testing and Equipment  
The testing of polymeric and plastic materials is essential to verify properties and 
characterise materials to ensure they are sufficient for the required application. A 
huge range of testing regimes is available; tensile, impact, fatigue and hardness are 
all common tests that can be carried out but are beyond the scope of this project. 
The thermal behaviour of materials is more relevant to this research. 
4.6.5.1 Thermal Characterisation 
Thermal characterisation of plastic materials is important in determining transition 
points so that processing conditions and operational ranges can be verified. It is 
also important to see how the material behaviour changes through a temperature 
range. In addition, knowing values such as specific heat, the coefficient of thermal 
expansion and thermal conductivity is invaluable for correct processing but also 
essential when a material is to be used in an environment where temperature 
extremes or changes may be an issue. Dynamic thermal analysis (DTA) and 
differential scanning calorimetry (DSC) are two common characterisation 
techniques used to measure the thermal properties of a plastic material. 
Differential scanning calorimetry (DSC) is a thermal analysis technique that 
compares a small sample against a reference material while the temperature of 
both is increased; the user can set the temperature range and ramp rate over which 
the sample will be tested.  The DSC measures the amount of energy required to 
increase the temperature of the sample and compares it to the reference. If the 
sample passes through a transition point this affects the amount of energy required 
to increase its temperature by the same amount.  
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If the sample passes through an endothermic transition, such as melting, more 
energy is required to change the temperature since additional energy is required to 
overcome intermolecular forces to melt the material. If an exothermal transition 
takes place, such as curing, less external energy is required to increase the 
temperature of the sample since there is some energy released by the bond making 
during the reaction. The resulting scan shows the heat flow in/out of the sample as 
a function of temperature. 
As well as identifying thermal transition points of materials, DSCs can be used to 
determine the energy changes occurring during those transitions and can be used 
to calculate the thermal heat capacity of materials. 
Dynamic thermal analysis (DTA) measures the mechanical changes that occur to a 
material as it is heated over a particular temperature range. The sample to be 
tested is clamped into position and while the sample is heated over the selected 
temperature range it is deformed and internal stress/strain is measured. The user 
can set how the sample is to be deformed, by altering the displacement, frequency 
of oscillation and mode operation. From the measurements taken, the modulus of 
the sample is measured and this correlates to the stiffness of the material; shifts in 
the modulus indicate a thermal transition has occurred. The resulting scan shows 
the change in modulus as a function of temperature. 
4.7 Summary 
This chapter has highlighted two interesting aspects to this project; the possible 
suitability of PEDOT:PSS to in-mould application and the conflict of heating regimes 
by different polymeric materials. 
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The ability to dilute PEDOT:PSS without significant detrimental effects (in fact with 
reported benefits), as well as the use of spray technology lends itself to the 
possibility of incorporating layer application directly into the injection mould tool. 
However, the different heating requirements of the materials may make processing 
them together in one cycle a problem; the heat required to dry and cure EL 
materials in-mould is inconsistent with the cooling required to solidify the 
thermoplastic substrate it is applied to. 
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5 PROCESSING PLASTICS 
Plastics are processed into products. There are many different methods, variations 
of methods and post process techniques that can be used in combination to 
produce useful, complete plastic goods [77]. An appropriate processing method is 
determined by the material used and the shape and structure of the final product 
[76]. 
Table 5-1: Common thermoplastic processing methods 
Processing Method Overview Examples of Products 
Extrusion 
Powder or granule plastics are 
melted and forced through a 
die to form a continuous part 
with a constant cross-sectional 
shape which can be cut to the 
desired length. 
Pipes, uPVC window 
sections, guttering, 
seals. 
Calendering 
A number of rollers form a 
polymer melt into thin films or 
sheets. 
Flooring, films. 
Press Moulding 
Covers a range of processes 
where large pressures are 
applied to the moulding. Glass 
fibre reinforced composites are 
usually processed this way. 
Auto body panels, TV 
and radio casings, PC 
housings. 
Blow Moulding 
A split mould closes around a 
tubular preform; pressurised 
gas inflates the plastic to form a 
hollow part within the tool. 
Bottles, drums, fuel 
tanks. 
Rotational Moulding 
A heated, closed mould 
containing a measured amount 
of resin or powdered plastic 
rotates through a number of 
axes. The material distributes 
evenly within the tool to form a 
hollow part. 
Buoys, bins, traffic 
cones, balls, storage 
tanks. 
Vacuum Forming 
An open tool is raised up to a 
heated plastic sheet. A vacuum 
is used to pull the plastic onto 
the tool. 
Blister packs, food 
trays, vending machine 
cups. 
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The full range of processing methods is beyond the scope of this research, so this 
section will be limited to the processes most relevant to this project; injection 
moulding, in-mould decoration and tool heating. A brief summary of other common 
processing methods of thermoplastics can be found in Table 5-1. 
5.1 Injection Moulding 
As previously mentioned, this research focuses on injection moulding and its 
variations and developments as the manufacturing method in which to incorporate 
electroluminescent technology, so the following sections describe injection 
moulding from the simplest system and through the advances made in the process.  
Injection moulding and its variations is one of the most common plastic processing 
methods [75]. This is due to the ability of the process to make complex, highly 
repeatable parts in a fast cycle time [82, 89] with just a single stage from raw 
material to completed product [74, 84]. The process involves the high-speed 
injection of a measured amount of molten plastic into a closed, cooler mould and 
kept under pressure until ejection [77, 82]. Injection moulding follows the three key 
stages of all main thermoplastic melt processes; material softening, shaping and 
solidification [75, 77, 81, 90]. Before many plastic materials can be processed, they 
must be dried to remove any moisture that may have been absorbed during 
transportation and/or storage [75]. Dryers can be incorporated into the design of 
the injection machine but this can work out more expensive compared to having a 
separate dryer providing dried material to a number of moulding machines [81]. 
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5.1.1 Machine and Mould Tool 
Once the material has been dried and prepared, it can be transferred to the 
injection moulding machine by way of the hopper [113]. Figure 5-1 shows a 
simplified diagram detailing the main parts of an injection moulding machine. 
 
 
The hopper stores the feedstock and provides a constant supply of material to the 
injection moulding machine [75]; the force of gravity is utilised to keep material 
flowing through the throat into the injection barrel [75, 81]. The barrel is where the 
material is melted and plasticised by the heaters surrounding the cylinder and by 
the action of the screw [80, 89]. The screw’s other function is to move new material 
from the hopper along the barrel [81]. There are a number of different types of 
screw design, varying in geometry and the forces applied to the molten polymer; 
the screw can also be designed to incorporate different stages along the length of 
the barrel [81]. The screw is operated by the screw motor and the injection 
hydraulic cylinder at the rear of the machine [74, 82]. 
Ejector Pins 
Stationary 
Platen 
Clamp 
Mechanism 
Moving 
Platen 
Mould 
Halves 
Heating Barrel 
Material Hopper Screw 
Motor Molten Material 
Screw Machine Frame 
Figure 5-1: An injection moulding machine. 
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At the other end of the machine, the mould halves are attached to the platens; the 
moving platen is controlled by the clamping unit and runs along bars to ensure it 
remains aligned with the stationary platen [75, 82]. The clamping unit also operates 
the ejector pins that remove moulded parts [75, 80]. 
Channels are incorporated into the design of the mould tool [76]; these carry water 
or oil in order to keep the temperature of the mould constant [78]. For the 
moulding of thermoplastics (as has been used in this research) the mould is cooled; 
without cooling, repeated moulding using hot thermoplastic would heat the mould 
which results in the parts being unable to solidify sufficiently for ejection. 
Since this is highly relevant to this project, mould heating and cooling is considered 
in further detail later in this chapter. 
5.1.2 The Process 
Once the material is in the hopper it steadily falls into the barrel. As the screw turns 
and moves backwards, the material moves along the barrel, melts and becomes 
homogeneous and collects in front of the screw [84, 90]. The molten material is 
then ready for injection. The four main stages of injection moulding are shown in 
Figure 5-2a-d (on the following page). Once the mould has closed, the first stage is 
injection (Figure 5-2 a), the screw moves rapidly forward, forcing molten material 
through the nozzle into the mould cavity. During this action, the screw is been 
operated by the hydraulic injection cylinder [84]. There is then a period where a 
high pressure is held in the cavity to ensure the volume of the part is maintained; 
this is because material shrinks during cooling [80]. 
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a. 
b. 
c. 
d. 
Figure 5-2: The injection moulding process; a, injection and hold; b, screw back; c, unit retraction; d, open and 
eject. 
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As soon as the material is injected it begins to cool; during the cooling stage of the 
process, a number of operations take place. The screw rotates causing it to move 
backwards, this is known as “screw back” (Figure 5-2 b); this moves the screw into 
position ready for the next cycle and meters a shot [75]. The whole injection unit is 
then retracted back, as shown in Figure 5-2 c [75]. Finally, when sufficient cooling 
has occurred for the part to hold its shape, the clamping unit opens the mould by 
moving the moving platen and ejects the part using the ejector pins (Figure 5-2 d) 
[80]. The mould is then closed and the injection unit moves forward ready for the 
process to repeat [75]; a representation of the injection moulding cycle is shown in 
Figure 5-3. 
Figure 5-3: The different stages of an injection mould cycle (the diagram is not to scale; the angle of each 
section does not represent the proportion of time in the cycle it merely shows the cycle sequence). 
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5.1.3 Tool Heating and Cooling 
In order for efficient moulding to take place, the temperature of the mould tool 
must be able to be controlled throughout the moulding cycle. Different heating and 
cooling regimes are needed depending upon the process variation and substrate 
material used; thermosetting plastics require tool heating in order to cure the 
moulded part and tool cooling is required to counteract the heat transferred to the 
tool by hot thermoplastics. Mould tool heating is also used for producing parts with 
a high gloss finish, thin walls and microstructures [114, 115] However, in order to 
stabilise the shape of the thermoplastic, cooling is required before ejection, 
meaning some processes require rapid cycling of both heating and cooling. 
5.1.3.1 Heating and Cooling in Conventional Injection Moulding (CIM) 
Conventional injection moulding utilises a single heat transfer method that is 
continuous and unidirectional [114]; the cheapest method of both heating and 
cooling a mould is to pump a fluid through channels machined into the tool in order 
to transfer heat into or out of the system [116, 117]. Water and oil are the two 
most common liquids used to transfer heat but both have limitations; water can 
only heat tools up to 100C and oil is not efficient in transferring heat [116]. High 
pressure water can heat tools to above 100C but can damage the channels it flows 
through [116]. The cooling of mould tools works using the same principle except 
chilled liquids are pumped through the channels to transfer heat away from the 
tool [117]. Electric mould heaters can also be used as an additional heat source 
[118]. 
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5.1.3.2 Heating methods for Rapid Heat Cycle Moulding (RHCM) 
As already mentioned, heating a tool whilst a thermoplastic is being injected offers 
a number of benefits to the appearance of parts and the dimensions of moulded 
features. A number of different methods of rapidly heating the mould have been 
investigated and some are available commercially [119]. The heating method is 
usually accompanied with channel cooling [116, 118]. Rapid heating of the tool can 
be carried out by transferring heat directly from hot gases or steam [118, 120, 121] 
or by non-contact methods such as electromagnetic induction [115, 116, 122], 
infrared radiation [123, 124] and electrical resistance [125]. Steam can be carried 
along the same channels as the cooling water (at different times in the cycle) [117, 
120, 121] in order to heat the tool or hot gases can be pumped through different 
channels or directly into the mould cavity [118]. Infrared lamps can be used to heat 
the surface of the tool while the mould is open; in this set up the tool has a thin 
conductive layer separated from the rest of the mould by an insulating layer so as 
not to unnecessarily heat the core of the mould [124].  The combination of an 
insulating layer and conducting layer on the surface of the mould is also used when 
heating the surface using electrical resistance; the conductive, metallic layer is so 
thin that it has a high resistance and a high current is passed through the layer to 
heat it [125]. Resistive heating is also the heating mechanism utilised in inductive 
heating. Induction heating of the mould is carried out by inserting an induction coil 
into the tool cavity; the coil carries a high frequency alternating current which 
generates an alternating magnetic field. The effect of this rapidly changing 
magnetic field is to induce current “eddies” in the inner surface of the tool; it is 
these “eddies” which heat up the tool by resistive heating [116, 122]. 
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5.1.4 Variations on Injection Moulding 
Since the injection moulding process was first patented in the 1870’s [75, 81] it has 
grown to become one of the most important processes for the manufacture of 
plastic parts [74, 77, 82, 84]. As well as the improvement of standard injection 
moulding, there has also been a number of process variations developed, enabling 
the moulding of more complex parts [82, 87].  
Table 5-2: Some variations on the injection moulding process. 
Variation on Injection 
Moulding 
Summary of the Process 
Micro-moulding The injection moulding of very small parts using a 
special moulding machine. 
Gas Assisted Injection 
Moulding 
This produces hollow parts; a reduced shot of 
material is injected followed by the injection of 
high pressure gas. 
Reaction Injection Moulding Injection moulding thermosets; a resin and 
catalyst are mixed in a head and injection 
moulded, curing occurs in the mould. 
Injection Blow Moulding This makes thin walled, hollow containers; 
injection moulding produces a preform which is 
inflated to fit into a different mould cavity. 
Foamed Moulding Lightweight structures are produced; blowing 
agents are added to a material, the mould is 
partially filled and gas is released which expands 
the part.  
Over Moulding Multi-material products are made; pre-moulded 
plastic sections are placed into the mould and 
moulded over. 
Co-injection Moulding Multi-layer plastic mouldings are made; two or 
more materials are injected from separate barrels 
into the same mould. 
Insert Moulding Pieces incorporating metal, fabrics and decorative 
films etc. are moulded; the material is placed 
inside the mould cavity and injected over. 
 
All methods are based on the standard injection moulding processes: material is 
melted and plasticised in a barrel, a measured amount of molten plastic is injected 
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at high speed into a closed, cool mould, and then the material is held under high 
pressure until the part has solidified [75, 77, 81, 82]. A few of the different 
techniques are summarised in Table 5-2. 
Over moulding, co-injection moulding and insert moulding are all methods of 
producing multi-material parts and as such are of particular interest to this project; 
so more detail has been included about these techniques in the next sections. 
5.1.4.1 Over Moulding 
Over moulding produces parts consisting of more than one type of plastic; this is 
carried out by operating a number of different injection moulding cycles 
sequentially [80]. This can either be on a multi-shot injection moulding machine, or 
by injecting over pre-moulded inserts. Figure 5-4 shows the latter; a pre-formed 
part is placed inside the cavity of the injection mould tool, and a second material is 
injected over the preform [75]. This process can then be repeated to build up a part 
comprising of many materials [75, 126]. 
A B C  
Figure 5-4: The over moulding process; A, an open mould; B, a preform is placed in the mould; C, the mould is 
closed; D, a different material is injection moulded; E, the ejected two material part. 
D E 
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Although a huge combination of plastic materials can be over moulded, the term 
often refers to the moulding of a rigid part with a soft, elastomer section; one 
common example is a toothbrush, a differently coloured soft-feel section can be 
incorporated into a handle [80]. Injection moulding over other materials, such as 
metals, can also be called over moulding [127]. 
5.1.4.2 Co-Injection Moulding 
Co-injection moulding requires each material to have separate injection unit [77, 
89, 126]; the materials are applied simultaneously [80], or in rapid succession [75, 
89], producing a multi-material part in a single process cycle. Components usually 
comprise of two materials, a core and a skin [89, 90, 126]. By processing more than 
one material the function of a part can be optimised by utilising properties of 
different materials [90]. Examples of component materials that can be co-injection 
moulded are: recycled, foamed or reinforced cores, and soft or tough skins and 
coloured outer layers [75, 77]. The following benefits are associated with such 
mouldings/ material combinations: 
 Weight reduction, 
 Cost reduction by using a cheap core and limiting the use of costly aesthetic 
“skin” materials, 
 Remove the need for additional processes such as painting, 
 Combining opposing properties such as rigid core with a soft skin. 
Figure 5-5 shows the co-injection moulding process; from top to bottom the 
diagram shows the different stages of the cycle: 
E 
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 a. shows the separate barrels holding two different plastics,  
 b. and c. show the injection of the skin material, 
 d. and e. show the injection of the core material which fills the part and 
forces the skin material to the edges of the cavity, 
 f. shows the second injection of skin material, this flushes any core material 
from the nozzle ready for the following cycle, and, 
 g. shows the finished part with a separate core and skin material. 
Figure 5-5 can be seen on the following page. 
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Figure 5-5: The co-injection moulding process; the skin material is injected first followed by the core material 
to pack the moulding out. 
a. 
g. 
c. 
b. 
d. 
e. 
f. 
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5.1.4.3 Insert Moulding 
Many moulded parts require post mould treatments such as assembly, painting and 
labelling [90]. In order to save money, time and energy many insert moulding 
techniques have been developed which can apply a number of different materials 
such as metal components, labels and textiles during the moulding cycle [80]. 
Insert moulding is a broad term referring to any technique where something is 
placed in-mould before substrate injection; it is similar to over moulding however 
the insert in this process can be of any material. For example, textiles are inserted 
into a tool cavity and are moulded onto to produce items such as auto parcel 
shelves [82]. In-mould processes eliminate the need for further stages [80]. Also, 
incorporating materials into the moulding process provides a good bond to the 
substrate and therefore produces very durable parts [90]. 
Film insert moulding is a broad term referring to both in-mould transfer decoration 
and in-mould labelling (IML). These are very similar processes however IML refers 
mainly to in-mould decoration of packaging and as is often associated with other 
processes such as blow moulding. Both processes provide high quality decoration of 
moulded items without the need for further handling [88, 126]. Films are printed 
and die cut, they are often positioned by a robotic arm and kept in place within 
cavity by using a vacuum or electrostatic attraction [126]. 
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A 
B 
H 
  C 
D 
E 
F 
G 
Figure 5-6: Film insert moulding: A, the film substrate; B, the label is printed; C, the label is pre-moulded to the 
correct shape (this stage is not always required); D, the predecorated film; E, the film is placed in the mould 
cavity; F, the mould is closed; G, the part is moulded; H, the decorated product. 
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In transfer decoration the pre-printed film (known as a decal) is the same material 
as the substrate; once injected, the film bonds with the substrate to make a 
complete, decorated part [90]. The decoration is within the wall of the plastic item 
with the film making up the external surface; this results in a very durable 
decoration. Examples of parts decorated with in-mould decoration are internal car 
panels and mobile phone components [128]. Figure 5-6 shows the film insert 
moulding process. 
5.1.4.4 Recent Developments in Injection Moulding 
A number of developments have been made in injection moulding that are relevant 
to this project; these include applying layer materials in-mould and incorporating 
electronics into injection moulded plastic parts. 
A novel method developed for manufacturing painted thermoplastic parts is the 
INSPIRE process; a thermoset powder coating is applied to the cavity of the tool and 
is then injected with a thermoplastic [129, 130]. The outcome is the application of 
paint during the injection mould cycle. By moulding and painting in a single 
manufacturing stage, the requirement for post mould painting is eliminated. The 
process works by using pressurised air to deliver the thermoset powder into a 
closed mould, the powder gels on a warm tool and ideally the heat provided by the 
injected substrate should cure the paint layer during the moulding cycle. However 
fully cured paint layers have not been achieved in-mould. A technique similar to the 
INSPIRE method could be used to build up a number of layers sequentially, resulting 
in multi-layer parts such as the ones required in this project. In this case, solution 
based EL materials would dry on a warm tool and the heat from the thermoplastic 
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substrate would cure materials such as PEDOT:PSS. The temperature of layer 
materials would need to be modelled to ensure cure was achieved in-mould. 
Another area of interest to this project is the embedding of electrical functionality 
into injection moulded parts; this has been carried out by injection moulding over a 
“printed wiring board” to embed the part and its function into the moulded plastic 
[131], it is noted that this is old but relevant research. Some later work also 
highlighted recycling problems when embedding components into a thermoplastic 
part [132]. This is a problem that could be even more difficult to solve when multi-
layer materials are incorporated into the structure of the part rather than distinct 
components that can be more easily separated. Further research has taken place in 
this area [133, 134] but, again, it differs from this project by encapsulating a 
standalone electronic component into the plastic rather than incorporating electro-
active materials into its structure. 
This overview of research shows that there is currently a knowledge gap in injection 
moulding multi-layer materials with electrical functionality. 
5.1.4.5 Issues Concerning Multi-material Parts 
When processing a number of different materials together, it is important that their 
thermal and physical properties are compatible with each other; for example, 
processing temperatures, thermal behaviour and miscibility must be considered so 
that they can be processed together and bond on contact [87]. Bonding between 
adjacent materials can be achieved chemically, or by adhesion of chemically 
compatible materials and mechanical methods [127, 135, 136].  
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5.1.4.5.1 Plastic Compatibility 
If a multi-material part is to be robust and withstand appropriate use there must be 
a good bond between materials. There are different bonding mechanisms that 
occur at the boundary interface between two plastics depending on whether they 
are compatible or not. When adjacent materials are chemically compatible there is 
a high level of interdiffusion which makes a good interfacial bond [127].  Table 5-3 
shows the compatibility of different plastic families. 
Table 5-3: The compatibility of plastic families [127]. 
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ABS + + +   + + - - + + - - - * * + + 
ASA + + +   + + - - + + - - - * - + + 
EVA + + +     + +    +  + + +  
PA6    + + * * * *   - * - - - + + 
PA66    + + * * * *   - - - - - + + 
PBT + +  * * + + - - + - - - - - - + + 
PC + +  * * + + - - +  - - - - - + + 
PE-HD - - + * * - - + + - * * - - - - - - 
PE-LD - - + * * - - + + - * * + - * - - - 
PET + +    + + - - + - -  - - -  + 
PMMA + +    -  * * - +  * - - - +  
POM - -  - - - - * * -  + - - - - -  
PP - - + * - - - - +  * - + - - - - - 
PPO mod - -  - - - - - - - - - - + + + * - 
PS-GP * * + - - - - - * - - - - + + + - - 
PS-HI * - + - - - - - - - - - - + + + - - 
SAN + + + + + + + - -  + - - * - - + + 
TPU + +  + + + + - - +   - - - - + + 
(-): No adhesion, (*): Poor adhesion, (+): Good adhesion 
When plastics are chemically similar and have compatible functional groups they 
can easily mix; so when two compatible molten plastics are adjacent with each 
other there is a degree of diffusion of molecules across the boundary [136]. This is 
called interdiffusion [137] and is classed as a rheological bonding mechanism [135]. 
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This can continue until there is no longer a distinct boundary but a gradual change 
from one material to the other; when these materials solidify, this interfacial mixing 
forms a very strong bond [136]. 
5.1.4.5.2 Other Boundary Interactions 
When plastics are incompatible and there is no interdiffusion at the interface, the 
bond that forms at the boundary is due to molecular and mechanical bonding and 
thermodynamic conditions [135, 138]. 
Molecular bonding can only occur if the adjacent materials (and their molecules) 
are in very close proximity with each other. The bond strength comes from the 
intermolecular forces that occur between molecules; forces such as Van der Waals 
and dipole-dipole interactions [135]. 
Mechanical bonding can influence adhesion by two different methods (and there is 
some debate about the influence of each); one explanation is that the uneven 
surfaces at the interface increases the total area over which molecular bonding can 
take place and the second explanation is that there is an interlocking between the 
two irregular surfaces [135, 137]. 
The entanglement of molecules in a transition region between two immiscible 
polymers can also contribute to the overall interfacial bond and has been reported 
by Cole et al [138]; these materials were compression moulded so this mechanism 
may not be seen, or may have a lesser effect in other processing methods (such as 
injection moulding). 
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The thermodynamic theory describes the importance of surface energy of the two 
adjacent plastic materials in order to achieve the closest contact between surfaces 
and some argue that this is a predominant consideration [135, 137]. Without close 
contact, none of the other bonding mechanisms occur [135, 137]. 
5.1.4.5.3 Improving Adhesion 
If adjoining layer materials are not compatible, adhesives can be incorporated into 
the structure to bond them together [80, 87]. If the application of an adhesive is not 
feasible compatibilisers can be added to plastic to make them bond [127]; a 
compatibiliser is usually a compound that has molecular similarities to each plastic 
which makes it miscible with both. There are also surface treatments (using 
solvents, acids and oxidising agents) that can be carried out on plastic surfaces to 
improve the bond between them. These usually work by forming functional groups 
that are compatible with the neighbouring material [135]. 
5.2 Spray Deposition 
Spray deposition is a broad term referring to the application of liquid materials by 
atomisation; dispersion techniques include ultrasonic, electrospray and airbrush 
[139, 140]. Materials used in this project (polymer EL materials) are solution based 
and lend themselves to this application method. This is also a method that has the 
ability to easily apply a series of different layer materials and onto a 3D, contoured 
surface.  Successful research has already been carried out into applying organic 
electro active, electroluminescent and photovoltaic materials [139-144] using this 
method and as such it seems a suitable technique for applying EL materials in-
mould. 
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5.3 Summary 
A number of areas of interest have arisen from this chapter; specifically the 
developments of in-mould techniques for injection moulding, the importance of 
mould temperature during processing, issues regarding multi-material plastic parts 
and spray deposition techniques.  
The INSPIRE process is of particular interest as this is a method relevant to the aims 
of this project; the application a thin layer (albeit a powder coating) to the surface 
of an injection moulded part. The INSPIRE research highlights the issues that are 
likely to occur during this project; specifically the problems faced when thermally 
incompatible materials are moulded together in a single part and cycle.  
The compatibility and adhesion between adjacent polymeric materials is also an 
important consideration in a multi-layer structure. Without good adhesion between 
the EL materials and the injected substrate, manufactured parts would not be 
durable. 
Also this review of the literature has shown the suitability of solution based 
polymer materials to spray deposition techniques and this offers a potential 
solution to applying EL materials directly in-mould. 
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6 THERMAL MODELLING 
When introducing materials into the injection moulding process that would not 
normally be used in this environment, it is important to be able to model the 
situation in order to predict the conditions that the introduced materials will be 
subjected to and how these change throughout the injection moulding cycle. 
Many models are used in engineering and manufacturing to further understand 
processes and improve them and/or optimise their use. An example of such 
computer aided engineering is Moldflow [145]. This software is used to simulate 
the injection moulding process in order to optimise the moulding conditions and 
cycle times, as well as balancing flows in the tooling. Whilst Moldflow has been 
developed for a number of different injection moulding processes, unfortunately no 
add-on exists for modelling the application of thin layers in-mould before moulding. 
The development of such a model would be beneficial to understand and optimise 
this novel process. 
A single layer model will be generated first to reproduce the changing conditions 
during the INSPIRE in-mould process, this will then be modified to incorporate 
multiple layers, like the structure produced when injection moulding 
electroluminescent materials. 
6.1 Single Layer Thermal Model 
A novel in-mould decoration process called INSPIRE [129, 130] involves spraying a 
thermoset powder coating into a warm mould, the powder gels to form a film and 
then a thermoplastic substrate is injected to produce a fully painted part in a single 
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manufacturing step. When in-mould painting is carried out using this system (a 
thermoset coating and a thermoplastic substrate) there is a conflict with the 
moulding temperature requirements of the two materials. Both require heat to 
soften, however the coating requires high temperatures to cure as opposed to the 
substrate which needs to be cooled in order for the part to be solid enough to eject. 
Ideally, the hot molten thermoplastic substrate would supply enough heat to cure 
the thin layer of thermoset coating, enabling the mould tool to be kept at a 
temperature appropriate for the ejection of the part. This would produce a 
complete, cured painted part with no need for post processing. A thermal model of 
the system would help establish if this is feasible during a standard injection mould 
cycle. 
6.1.1 The Problem 
In order to develop the model, the conditions and the materials in the problem 
need to be specified and certain simplifications made. The following statements 
were used to build the simulation: 
 The part is predominantly thermoplastic with one side coated by a 
thermoset film (see Figure 6-1) 
 The part is moulded using INSPIRE, the latest in-mould painting technique 
 ABS is used as the thermoplastic, a tough engineering plastic commonly 
injection moulded 
 A processing temperature of 200 C and a tool temperature of 50 C are 
used; both are appropriate for moulding ABS 
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 The thermoset film coating is an unsaturated polyester; many such coatings 
are commercially available 
 The part would be a small, sample moulding, dimensions approximately 7.5 
cm x 7.5 cm x 0.3 cm, including a 50 μm layer of thermoset. 
 
 
 
 
 
 
 
Although the model itself is not original work, the novelty occurs in the application 
of it to an in-mould painting technique using a thermoplastic-thermoset material 
combination. To simplify further, the following assumptions have been made: 
 At the time of thermoplastic injection the thermoset had reached the 
isothermal temperature of the mould tool; in the example given in Figure 
6-2, this means a temperature of 50 °C.  
 The effects of the boundary interfaces have been ignored1.  
                                                     
1
 The importance of considering boundary layer heat transfer coefficients in more complex and 
accurate models are acknowledged [146] A. Dawson, M. Rides, C. R. G. Allen, and J. M. Urquhart, 
"Polymer-mould interface heat transfer coefficient measurements for polymer processing," Polymer 
Testing, vol. 27, pp. 555-565, 2008.; however this simple model is adequate to calculate the 
Figure 6-1: A representation of a single side painted sample injection moulded part. 
ABS 
Substrate 
Polyester Film 
Coating 
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 The use of geometric correction factors was also ignored2. 
Whilst the simplicity of the model is therefore acknowledged, it has been 
extremely useful in exploring the INSPIRE process and its limits; it also acts as a 
base on which to develop a multi-layer model.  
 
 
 
 
 
 
The cooling problem can be considered by a straight forward derivation of cooling 
times utilised in injection moulding production for obtaining ejection times. From 
Figure 6-2, the problem can be summarised as: 
A 50 μm thickness of polyester thermoset powder coats the inside of an injection 
moulding tool at 50 °C, the mould cavity has dimensions of 7.5 x 7.5 x 0.3 cm3.  An 
ABS substrate is injected at 200 °C onto it, giving a moulding of total thickness 3 
mm.  
                                                                                                                                                      
temperature and time available for thermoset curing, as required to estimate working heat exposure 
times. 
2
 These would need to be taken into account for more accurate modelling; however geometric 
correction factors vary widely in the literature [147] J. Z. Liang and J. N. Ness, "The calculation of 
cooling time in injection moulding," in Proceedings of the International Conference on 
Manufacturing Automation, 10-12 Aug. 1992, Hong Kong, Hong Kong, 1992, pp. 830-5.. 
Metal 
Tooling 
Thermoset Metal 
Tooling 
Thermoplastic 
Direction of 
thermoplastic flow 
50μ
m 
3mm 
50 C 
200 C 
Figure 6-2: A diagram showing a cross-section of the thermoset-thermoplastic system in-mould. 
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From this statement, the values required for the model (such as part dimensions, 
processing conditions and materials’ properties) can be determined. 
6.1.2 The Model 
Table 6-1 gives the abbreviations of terms used in the equations used in the model. 
Table 6-1: Terms used in equations 
Term Symbol 
Thickness of Polymer XP 
Surface Area of Polymer AP 
Mass of Polymer mp 
Polymer Specific Heat cP 
Polymer Thermal Conductivity kP 
Initial Temperature of Polymer TP(0) 
Temperature of Polymer at Time, t TP(t) 
Thickness of Film Xf 
Surface Area of film Af 
Mass of Film mf 
Film Specific Heat cf 
Film Thermal Conductivity kf 
Temperature of Film at Interface at 
Time, t 
Tf(t,0) 
Film Temperature at distance, x 
from Interface at Time, t 
Tf(t,x) 
Temperature of Mould TM 
Time t 
Distance Across Film from 
Interface 
x 
 
Equation 1 -Equation 5 were used to calculate how the temperature across the 
thermoset film changed as the part cooled within the mould. The model starts with 
a cooling equation (Equation 1); this shows how the temperature of the polymer at 
the surface changes over time. 
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Equation 1: The surface polymer temperature as a function of time 
      (         ) 
 
    
      
 
     [1] 
The temperature of the polymer can then be used in the conduction formula to give 
the rate that heat energy is transferred to the film (Equation 2): 
Equation 2: The rate of heat transfer to the film as a function of the polymer temperature 
   
  
  
    
  
             [2] 
Equation 3 shows how the rate of energy transferred to the film is related to the 
temperature gradient (over small increments) across the film; this equation can be 
rearranged in the form of Equation 4 which then in turn integrates with respect to 
x, to give Equation 5. 
Equation 3: The rate of energy transfer to the film as a function of the temperature gradient across the film 
   
  
       
   
  
 [3] 
Equation 4: The temperature gradient across the film as a function of the rate of energy transfer to the film 
   
  
   
   
  
 
    
 [4] 
Equation 5: The temperature of the film (at time, t and distance x into the film) as a function of the energy 
transferred to the film and the temperature of the polymer. 
          
      
  
 
    
       3 [5] 
                                                     
3
  TP(t) is the integration constant since at x = 0 (the thermoset-thermoplastic boundary), Tf(t,x) is equal 
to TP(t). 
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The equations can be manipulated further to give an overall solution to the 
differential problem (Equation 6); the solution is a linear correlation across the 
depth of the film, the slope of which decreases over time, however the different 
stages will be shown for visualisation purposes. 
Equation 6: The temperature of the film (at time, t and distance x into the film) as a function of the mould 
temperature and the temperature of the polymer at time, t. 
          (
 
  
) (        )        4 [6] 
 
The results section begins on the following page. 
  
                                                     
4
  Equation 2 is substituted into Equation 5 to give,            [(
    
  
) (        )] (
 
    
)  
      .The terms kfAf cancel out to give equation 6. 
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6.1.3 The Results 
Table 6-2 and Table 6-3 show the values used for the modelling of the initial 
problem. 
Table 6-2: The values of terms used that remained constant; values associated with geometry and the film 
material. 
Film: Unsaturated Polyester 
Term Symbol 
Value 
Commonly Used 
Units 
SI Units 
Thickness of Polymer XP 3 mm 0.003 m 
Surface Area of Polymer AP 120 cm
2 0.012 m2 
Thickness of Film Xf 50 μm 0.00005 m 
Mass of Film mf 1 g 0.001 kg 
Surface Area of film Af 60 cm
2 0.006 m2 
Film Specific Heat cf 1.2
[17] kJ kg-1K-1 1200 J kg-1K-1 
Film Thermal Conductivity kf 0.7
[17] W m-1 K-1 0.7 W m-1 K-1 
 
Table 6-3: Values of terms that were variable; values associated with the polymer substrate and the moulding 
conditions. 
Polymer Substrate: ABS; Film: Polyester 
Term Symbol 
Value 
Commonly Used 
Units 
SI Units 
Mass of Polymer mp 24.1 g 0.0241 kg 
Initial Temperature of 
Polymer 
TP(0) 200 °C 473.15 K 
Polymer Specific Heat cP 1.3
[17] kJ kg-1K-1 1300 J kg-1K-1 
Polymer Thermal Conductivity kP 0.18
[17] W m-1 K-1 0.18 W m-1 K-1 
Temperature of Mould TM 50 °C 323.15 K 
 
A spread sheet was created using Equation 1, Equation 2 and Equation 5 along with 
the data from Table 6-2 and Table 6-3; the results were as follows. 
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The cooling of the injected thermoplastic was calculated using Equation 1, this data 
was then fed into Equation 2 in the spread sheet and the results of which, the 
energy rate transfer curve, can be seen in Figure 6-3. 
 
Figure 6-3: A graph showing ABS substrate temperature and the rate of energy transfer to the thermoset film 
over time. 
 
Once the rate of heat transfer was established, Equation 5 was used to obtain the 
temperature gradient across the thickness of the thermoset film at any given time; 
the next step was to plot a graph showing the temperature gradient across the film 
at different times. A limited number of times were selected in order to clearly 
present (graphically) the changes during the cycle and to compare the results given 
by each substrate material within the system. The selected times were the arbitrary 
values: 0 s, 1 s, 2 s, 5 s, 10 s, 15 s, 20 s, 30 s, 60 s, 120 s and 180 s. This is shown for 
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a model based on the initial problem of ABS injected at 200 °C with a mould tool 
temperature of 50 °C in Figure 6-4. 
 
Figure 6-4: A graph showing how the temperature profile across the depth of the thermoset film changes 
over time. 
 
Figure 6-4 also highlights a further issue with this model in that the film surface 
contacting the mould tool never rises above 50 °C; this is not the case in practice. 
Despite that, this model is extremely useful for comparing the thermal conditions 
provided when using different parameters and substrate materials. The model was 
easily adjusted to observe how increasing the injection temperature of the ABS by 
30 C affected the heat available for curing. 
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Further variations of the model with different substrate materials, processing and 
tool temperatures were carried out with the variables shown in Table 6-4. These 
initial chosen temperatures reflect a general processing temperature of each of the 
selected thermoplastics. The other substrate materials that were modelled are: 
Nylon 6 (PA6), Nylon 66 (PA 66), Polyethylene terephthalate (PET) and Polybutylene 
terephthalate (PBT). 
Table 6-4: Values used to model different substrate materials 
Term Symbol 
Values for different substrate materials 
PA 6 PA66 PBT PET Units 
Mass of Polymer mp 26.2 26.4 30.4 31.7 g 
Initial Temperature of 
Polymer 
TP(0) 250 280 260 280 °C 
Polymer Specific Heat cP 1.7
[17] 1.7[17] 1.3[17] 1.05[17] kJ kg-1K-1 
Polymer Thermal 
Conductivity 
kP 0.29
[17] 0.23[17] 0.21[17] 0.24[17] 
W m-1 K-
1 
Temperature of Mould TM 50 85 50 85 °C 
 
Each of the different substrate thermoplastics was modelled and data gathered 
regarding the temperature profile across the film at different times; graphs for each 
substrate material were plotted. Regularly spaced heat exposure times were 
selected in order to compare the performance of each substrate material within the 
system; the selected heat exposure times were the arbitrary values: 100 C 
maintained for 30 s, 100 C maintained for 60 s and 150 C maintained for 30 s. The 
graphs were interpreted in order to determine to what depths these heat exposure 
times were maintained for using the different substrates. The results are shown in 
Figure 6-5. 
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Figure 6-5: A graph comparing the film depth penetrations of heat exposure times using different substrates. 
 
It is clear to see from Figure 6-5 that PA66 provides the best penetration depths for 
the heat exposure times selected and therefore is most likely to provide adequate 
heat for cure initiation within the mould. 
As well as being a useful tool to more fully understand the changing temperature 
conditions during the INSPIRE process; the model has been implemented to find the 
most suitable material combination to be used in practical work. 
Using the framework of this successful model, modifications can be made for a 
more complex system. 
6.2 Multi-layer Thermal Model 
An electroluminescent lamp is a multi-layer device, so when applying these layers 
sequentially in-mould, the moulded part comprises of a substrate material topped 
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with a composite layer structure. Since these materials have different properties, 
each individual layer must be considered and for this a more complex model is 
required. 
6.2.1 The Problem 
Again, the problem needs to be simplified: 
 A thermoplastic part is moulded with one side covered with different 
multiple layers 
 The substrate material is injected over the EL materials coating a warm 
mould tool 
 PP is used as the thermoplastic, a commodity plastic commonly injection 
moulded 
 A processing temperature of 220 C and a tool temperature of 65 C are 
used; which are appropriate for PP 
 Modified electroluminescent pastes are sprayed in-mould, sequentially 
 A bonding layer has been incorporated into the structure in the anticipation 
that one is required in the injection moulded part (this can be 
amended/omitted later if required) 
 The part would be a small, sample moulding, dimensions approximately 7.5 
cm x 7.5 cm x 0.3 cm, including a 44 μm EL multi-layer structure. 
The multi-layer structure within the mould tool is shown in Figure 6-6. 
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The multi-layer problem can be assumed to be: 
A 44 μm thickness of EL device materials coats the inside of an injection mould tool 
at 65 °C; There is a transparent electrode of 4 μm covered by a bonding layer, 
phosphor layer, dielectric layer and silver electrode all of 10 μm. The mould cavity 
has internal dimensions of 7.5 x 7.5 x 0.3 cm3.  A PP substrate is injected at 220 °C 
onto it, giving a moulding of total thickness 3 mm.  
6.2.2 The Model 
In the multi-layer model there are many more materials so the abbreviations in 
Table 6-5 are used as subscripts when referring to values in order to differentiate 
between individual layers, generic layers and the whole multi-layer device. 
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Table 6-5: Abbreviations used in the multi-layer model. 
Material Abbrev. 
Generic Layer L 
A Generic Composite Layer CL 
Whole EL Device (All Layers) EL 
Substrate Polymer / Polymer Interface P 
Silver Electrode SE 
Silver Electrode-Dielectric Interface SED 
Dielectric Layer D 
Dielectric-Phosphor Interface DPh 
Phosphor Layer Ph 
Phosphor-Bonding layer Interface PhBL 
Bonding Layer BL 
Bonding layer-Transparent Electrode 
Interface 
BLTE 
Transparent Electrode TE 
Mould / Mould Interface M 
 
Table 6-6 (on the following page) shows the different terms used in the model; in 
combination with the subscript abbreviations in Table 6-5 (the # represents the 
position of the abbreviations). 
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Table 6-6: Terms used in the multi-layer model. 
Term Symbol 
Thickness  X# 
Surface Area  A# 
Mass  M# 
Specific Heat c# 
Thermal Conductivity k# 
Thermal Conductance C# 
Initial Temperature  T#(0) 
Temperature at Time, t T#(t) 
Layer Temperature at distance, x 
from Interface at Time, t 
TL(t,x) 
Time t 
Distance Across Layer from 
Interface 
x 
 
Figure 6-7 shows the abbreviations used for materials and boundaries: 
 
 
The similarities between the single layer model and this model are the calculation 
of the polymer cooling and calculating the temperature gradient across each layer 
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Figure 6-7: A diagram showing the layers and boundary abbreviations. 
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from the rate of heat transfer through it. The differences in this model stem from 
the presence of multiple layers. The calculation of the rate of heat transfer through 
the layers has to take into account the different properties of the materials present 
in the composite layer and temperatures at layer interfaces must be determined to 
use in the calculation of each individual layer’s temperature gradient. A breakdown 
of the model process is as follows: 
 The calculation of the polymer cooling (w.r.t. time) 
 The calculation of the rate of heat transfer across the composite layer (w.r.t. 
time) 
 The calculation the temperature difference across each layer using 
individual layer thermal conductance (at specific times after injection) 
 Use the temperature differences to calculate the layer interface 
temperatures (at specific times after injection) 
 Calculate the temperature gradient across each layer within the structure 
(at specific times after injection) 
 Combine the temperature gradients to give a complete temperature profile 
across the multi-layer structure (at specific times after injection) 
The temperature of the polymer w.r.t. time is calculated using Equation 7. 
Equation 7: The temperature of the substrate polymer as a function of time. 
      (         ) 
 
    
      
 
     [7] 
The surface area and thickness of a material and its thermal conductivity can be 
used to calculate its thermal conductance: 
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Equation 8: The thermal conductance of a material as a function of its conductivity and dimensions. 
   
  
 
 [8] 
Substituting Equation 8 into Equation 7 gives: 
Equation 9: The temperature of the substrate polymer w.r.t its thermal conductance. 
      (         ) 
 
  
    
 
     [9] 
The rate of energy transfer through a single layer w.r.t. the polymer temperature is 
shown by: 
Equation 10: The rate of energy transfer through a layer as a function of polymer substrate temperature. 
   
  
  
    
  
 (         )     (        )   [10] 
In order to take into account the multiple layers, the combined thermal 
conductance must be calculated. The thermal conductance of a composite layer 
with n layers can be calculated using Equation 11. 
Equation 11: The compound thermal conductance of a multi-layer system. 
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)  [11] 
So by substituting Equation 11 (with the appropriate subscripts) into Equation 10, 
the rate of heat transfer through the EL device (with a structure as in Figure 6-7) is 
calculated by: 
Equation 12: The rate of heat transfer through the multi-layer EL system. 
       
  
  
(        )
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)
   [12] 
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The rate of heat transfer is equal throughout the thickness of the device, therefore 
the values calculated using Equation 12 can be used as the rate of heat transfer 
through each individual layer. 
Particular times (after injection) are then selected to use in the next part of the 
model. The temperature differences across each layer at those times are then 
calculated using Equation 13: 
Equation 13: The temperature difference across layer L, at time t. 
        
       
  
  
   [13] 
Using these temperature differences, along with the temperature of the polymer at 
those times, the temperature at each of the layer boundaries can be calculated (at 
the selected times). 
Using the same equation as the single layer model but with the appropriate values, 
the temperature gradient across an individual layer can be calculated using 
Equation 14. 
Equation 14: The temperature at position x, across layer L, at time t. 
          
       
  
  
     
              5 6 7 [14] 
This is repeated until the temperature gradient has been calculated for each layer 
at each of the selected times. 
                                                     
5
 Where x=0 is at position at the interface of the layer closest to the injected polymer 
6
  HOT BOUNDARY refers to the interface of the layer closest to the injected polymer 
7
 THOT BOUNDARY is the integration constant since x = 0 is the layer boundary therefore at that point TL(t,x) 
is equal to THOT BOUNDARY . 
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All of the layer temperature gradients can finally be combined to give a complete 
thermal profile across the entire thickness of the multi-layer device for each of the 
selected times after injection. 
6.2.3 The Results 
Table 6-7 shows the values used in the initial model; since the model was created 
before an injection moulded EL device was produced and characterised, 
estimations were used. The surface areas, polymer thickness and mass were 
calculated from the tool cavity dimensions and density and other values were 
estimated from properties of similar materials. 
Table 6-7: Estimated values used in the initial multi-layer model. 
Term Symbol Values SI Units       
Mould 
Temperature 
TM 338.15 K       
Polymer 
Temperature 
at time 0s 
TP(0) 498.15 K Material Specific Values 
Mass of 
Polymer 
mP 0.015 kg Polymer 
Silver 
Electrode 
Dielectric Phosphor 
Bonding 
Layer 
Transparent 
Electrode 
Specific Heat 
Capacity of 
Polymer 
cP 1800 J.kg
-1.K-1 P SE D Ph BL TE 
Thermal 
Conductivity 
k  W.m-1.K-1 0.4 5 0.1 0.5 0.35 0.2 
Surface Area A  m2 0.0128 0.0018 0.0018 0.0018 0.0018 0.0018 
Thickness X  m 0.003 0.00001 0.00001 0.00001 0.00001 0.000004 
 
The intermediate calculations made in the model are detailed in the following few 
paragraphs; the first stage was to calculate the conductance of each material using 
Equation 8, the results are shown in Table 6-8. 
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Table 6-8: The estimated thermal conductivity calculations. 
Material 
  
Thermal Conductivity Area Thickness Conductance 
k A X C 
W.m-1.K-1 m2 m  W.K-1 
Polymer 0.40 0.0128 0.003 1.71 
Silver Electrode 5.0 0.00180 0.00001 900 
Dielectric 0.10 0.00180 0.00001 18.0 
Phosphor 0.50 0.00180 0.00001 90.0 
Bonding Layer 0.35 0.00180 0.00001 63.0 
Transparent Electrode 0.20 0.00180 0.000004 90.0 
 
Next, the temperature of the polymer (w.r.t. time after injection) was calculated 
using Equation 9 (a cooling equation). The calculated values were used in Equation 
12 to calculate the rate at which energy is transferred through the 
electroluminescent layers; taking into account combined conductance’s of the 
different materials within the composite layer. The polymer temperature and the 
rate of heat transfer are both shown in Figure 6-8, as a function of time after 
injection.  
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Figure 6-8: The substrate polymer temperature and the rate of heat transfer through the multi-layer EL 
system as a function of time. 
 
Using Equation 13, the individual material properties and the calculated rate of 
energy transfer, the temperature difference across each individual layer can be 
calculated. Again, a limited number of times were selected in order to clearly 
present (graphically) the changes during the cycle; the selected times were the 
arbitrary values: 0 s, 1 s, 2 s, 5 s, 10 s, 20 s, 30 s, 45 s, 60 s, 90 s, 120 s and 180 s. 
Using the temperature differences across each layer and the polymer temperature 
at each of the specified times, the temperature at each layer interface was 
calculated; these values could be verified by the final interface (the mould tool) 
being calculated to be the tool temperature value input into the model (in this case 
65 C). Table 6-9 shows the incremental interface temperatures. 
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Table 6-9: The boundary interface temperatures at the selected times. 
t(s) 
TP(t) ∆TSE(t) TSED(t) ∆TD(t) TDPh(t) ∆TPh(t) TPhBL(t) ∆TBL(t) TBLTE(t) ∆TTE(t) TM(t) 
(K) 
0 493.2 -1.8 491.3 -90.9 400.5 -18.2 382.3 -26.0 356.3 -18.2 338.2 
1 483.7 -1.7 481.9 -85.3 396.6 -17.1 379.6 -24.4 355.2 -17.1 338.2 
2 474.7 -1.6 473.1 -80.1 393.1 -16.0 377.0 -22.9 354.2 -16.0 338.2 
5 451.1 -1.3 449.8 -66.2 383.6 -13.2 370.3 -18.9 351.4 -13.2 338.2 
10 420.5 -1.0 419.6 -48.3 371.3 -9.7 361.6 -13.8 347.8 -9.7 338.2 
20 381.9 -0.5 381.4 -25.7 355.8 -5.1 350.6 -7.3 343.3 -5.1 338.2 
30 361.4 -0.3 361.1 -13.6 347.5 -2.7 344.8 -3.9 340.9 -2.7 338.2 
45 347.2 -0.1 347.1 -5.3 341.8 -1.1 340.7 -1.5 339.2 -1.1 338.2 
60 341.6 0.0 341.6 -2.0 339.6 -0.4 339.1 -0.6 338.6 -0.4 338.2 
90 338.7 0.0 338.7 -0.3 338.4 -0.1 338.3 -0.1 338.2 -0.1 338.2 
120 338.2 0.0 338.2 0.0 338.2 0.0 338.2 0.0 338.2 0.0 338.2 
180 338.2 0.0 338.2 0.0 338.2 0.0 338.2 0.0 338.2 0.0 338.2 
 
The next stage of the model involves calculations for each individual layer; Equation 
14 was used to calculate the temperature gradient across the thickness of each 
layer at each of the specified times. Table 6-10 shows the temperature gradients for 
the dielectric layer; the same calculations were carried out for each layer. 
Table 6-10: The temperature of the dielectric material at position x, at each of the selected times. 
x 
(µm) 
TD(0,x) TD(1,x) TD(2,x) TD(5,x) TD(10,x) TD(20,x) TD(30,x) TD(45,x) TD(60,x) TD(90,x) TD(120,x) 
TD 
(180,x) 
(K) 
0 491.3 481.9 473.1 449.8 419.6 381.4 361.1 347.1 341.6 338.7 338.2 338.2 
1 482.2 473.4 465.1 443.2 414.7 378.9 359.8 346.5 341.4 338.6 338.2 338.2 
2 473.2 464.9 457.1 436.6 409.9 376.3 358.4 346.0 341.2 338.6 338.2 338.2 
3 464.1 456.4 449.1 429.9 405.1 373.7 357.1 345.5 341.0 338.6 338.2 338.2 
4 455.0 447.8 441.1 423.3 400.2 371.2 355.7 344.9 340.8 338.5 338.2 338.2 
5 445.9 439.3 433.1 416.7 395.4 368.6 354.3 344.4 340.6 338.5 338.2 338.2 
6 436.8 430.8 425.1 410.1 390.6 366.0 353.0 343.9 340.4 338.5 338.2 338.2 
7 427.7 422.2 417.1 403.5 385.8 363.5 351.6 343.4 340.2 338.5 338.2 338.2 
8 418.6 413.7 409.1 396.8 380.9 360.9 350.2 342.8 340.0 338.4 338.2 338.2 
9 409.5 405.2 401.1 390.2 376.1 358.3 348.9 342.3 339.8 338.4 338.2 338.2 
10 400.5 396.6 393.1 383.6 371.3 355.8 347.5 341.8 339.6 338.4 338.2 338.2 
 
The data from in Table 6-10 is shown in Figure 6-9. 
Thermal Modelling 
 
Beth Middleton  103 
 
Figure 6-9: The temperature gradient across the dielectric layer at each of the selected times. 
 
The calculated temperature gradients across individual layers combine to give a 
thermal profile across the entire multi-layer device at each of the selected times; 
Figure 6-10 shows the changing temperature profile changing as time progresses. 
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Figure 6-10: The complete temperature profile across the multi-layer EL system at selected times after 
injection. 
 
Although this model uses approximate values, it appears from the results the model 
works as a guide to temperatures experienced by each layer and can be modified to 
incorporate real, measured values in future work. This will be helpful in 
understanding in-mould material behaviour with respect to the processing 
conditions. 
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7 SCOPING EXPERIMENTS 
The aim of the project is to determine whether electroluminescent layers can be 
applied during the manufacturing process (specifically injection moulding) and if 
three dimensional (3D) surfaces can be produced with electroluminescent 
capabilities. No existing methodology relating to such a novel process was found. A 
sequence of initial scoping experiments was planned and carried out in order to 
develop the process method and ultimately be able to apply the layers sequentially 
in-mould. The following chapter provides an explanation of the experimental work 
carried out throughout the initial developmental stages; this preliminary work 
begins with a multi-layer structure recommended by H C Starck, a supplier of one of 
the materials [148]. The recommended structure can be seen in Figure 7-1; from 
the bottom up it comprises of: 
 a clear substrate material, PC or PET (shown in pale blue), 
 a Clevios™ PEDOT:PSS transparent electrode (shown in dark blue), 
 a silver busbar surrounding the Clevios™ (shown in beige), 
 a light emitting phosphor layer (shown in green), 
 one or more dielectric layers (shown in pale grey), 
 a Clevios™ PEDOT:PSS layer (again, shown in dark blue), and finally, 
 a silver rear electrode (again, shown in beige). 
Figure 7-1 also shows the direction of light emission (represented by the pale 
yellow arrows), originating in the phosphor layer and exiting the device through the 
transparent electrode and the substrate. 
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7.1 Materials and Equipment 
The equipment and materials used throughout the project are detailed in this 
section; some items were already available in the workshop and laboratory and 
some speciality materials and equipment were bought in for this specific project. 
7.1.1 Materials 
Commercially available materials were sourced and their use/versatility 
investigated. The electroluminescent materials are produced with the intention of 
them being used for the screen printing method (a common method currently 
utilised commercially as described in section 3.8.2). These materials were then 
adapted to be used in the methods developed as part of this project. The 
electroluminescent (and associated) materials used in this project are detailed in 
Table 7-1. 
 
 
100 – 300 V 
 
100 – 400 Hz 
Figure 7-1: The EL structure and operating conditions as recommended by H C Starck. 
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Table 7-1: Materials used to produce electroluminescent devices. 
Material Supplier Information 
Function within 
Device 
PEDOT:PSS H C Starck 
CLEVIOS™ S V3 
conductive 
polymer 
Transparent 
Electrode 
Phosphor Paste Electra Polymers 
ZnS:Al2O3 with 
Cu activator 
suspended 
within a polymer 
matrix 
Light Emission 
Layer 
Dielectric Paste Electra Polymers Not Supplied 
Non conducting 
layer to give 
capacitor structure 
Silver Paste Electra Polymers 
Silver particles 
suspended 
within a polymer 
matrix 
Rear (opaque) 
Electrode 
PEDOT:PSS  AGFA Materials 
Orgacon™  
conductive 
polymer 
Alternative 
transparent 
electrode material 
PEDOT:PSS Electra Polymers 
ITO-R  
conductive 
polymer 
Alternative 
transparent 
electrode material 
Clear UV curable 
thermoset polymer 
Electra Polymers Coverlay 
Clear protective 
layer applied over 
the device 
ER1 Reducer Electra Polymers Solvent 
To reduce the 
viscosity of 
materials to enable 
them to be used 
with an airbrush 
Polyurethane Clear 
Coat 
PlastiCote Air drying PU  
Clear protective 
layer applied over 
the device 
MEK VWR International Solvent 
To reduce the 
viscosity of 
materials to enable 
them to be used 
with an airbrush 
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Propanol Laboratory Stores Solvent “ 
Distilled Water Laboratory Stores Solvent “ 
Clear PC sheet 
SABIC Innovative 
Plastics 
3 mm Lexan™ 
Sheet  
Flat substrate 
material 
Polypropylene SABIC PP granules 
Injection moulding 
substrate 
Polycarbonate SABIC PC granules 
Injection moulding 
substrate 
LDPE Film Laboratory Stores Transparent film Insert substrate 
PET Film Laboratory Stores 
Semi-
transparent film 
Insert substrate 
PTFE coated woven 
mat 
Laboratory Stores Non-stick mat Insert substrate 
0.05 mm PTFE Film RS Components Non-stick film Insert substrate 
12.7 mm Copper 
Bus 
DCC Supplies 
Copper tape with 
conductive 
adhesive 
Electrode 
connection point 
 
Further details of the chemical composition of the materials can be found in section 
7.3. Initially the electroluminescent materials were used as they were supplied, 
using the application method they were intended for; then the paste materials 
were diluted and sprayed using an airbrush with air compressor. 
7.1.2 Equipment 
The central equipment used in developing processes by which an EL device can be 
produced by injection moulding include; the oven, the airbrush and compressor and 
the injection moulding machine. A brief description of each is given in this section. 
The oven used for drying the electroluminescent materials is made by Pickstone 
Ovens with a maximum temperature of 600 C. 
The airbrush and compressor were purchased from Absolute Airbrush; the 
compressor runs from mains electricity (220-240 V, 50 Hz) and has an air output of 
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23 L/min and a working pressure of 43-53 PSI (3-4 bar). The airbrush is a dual action 
airbrush with push button activation and has a nozzle diameter of 0.30 mm. It is 
used in conjunction with 22 cc glass jars with suction lids; a separate glass jar is 
used for each of the layer materials. The compressor, airbrush and jars can be seen 
in Figure 7-2. 
 
Figure 7-2: The compressor, airbrush and jars used to apply the layer materials. 
The injection moulding machine used in this project is a Sandretto Micro 30 and has 
a maximum clamping force of 30 tonnes, for this project the mould is heated by 
electric cartridge heaters: the machine can be seen in Figure 7-3. 
 
Figure 7-3: Sandretto Micro 30. 
 
The mould tool used in this project had a range of geometrical features to help 
determine the scope of the new process; there are flat regions, a shallow curved 
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area and sharper edges (the mould cavity is shown in Figure 7-4 and the geometry 
of the mould tool is shown in Figure 7-6). 
 
Figure 7-4: The mould cavity. 
 
An example of parts produced by this mould is shown in Figure 7-5. The various part 
geometries of the front face can clearly be seen; a basic flat base with a raised 
central shape. The mould is centre fed and the sprue is located on the reverse of 
this part, in the centre. 
 
Figure 7-5: An example of a part moulded in the tool used in this project. 
In order to identify any dimensional limitations of the new process it is important to 
know the dimensions of the moulded parts, these are shown in Figure 7-6. 
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To power and test the manufactured devices, an AC power supply was made in-
house by technical staff. The device could supply variable RMS voltages and 
frequencies; its ranges were 100-300 V and 100-400 Hz. 
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15.6mm 
35.5mm 
Figure 7-6: The dimensions of the moulded parts made in this project; the removable sprue dimensions 
have not been included. 
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For testing and characterisation carried out later in the project, a Velleman HPS10 
handheld oscilloscope and probe were purchased; as was a ST-1301 light meter and 
a ST-321 humidity and temperature probe. 
7.2 Thick Layer Application Method 
It was essential to first use the materials as they were supplied in order to 
determine that the acquired materials and selected structure produced a working 
electroluminescent device. The layers were applied using the method for which 
these materials had been designed, a screen printing method; so the next stage was 
to select suitable equipment from a range available. 
7.2.1 Equipment Selection 
The screen printing method uses a mesh screen to apply a layer of paste with a 
uniform thickness, areas where materials is not required are masked off and a 
squeegee scraper is used to force the paste through the mesh (Figure 7-7 shows a 
diagram illustrating the method). Since an electroluminescent device contains a 
number of different materials applied sequentially, the mesh screen would need to 
be cleaned between each layer application wasting a lot of material and result in a 
very slow process. By carefully selecting equipment it was thought that an even 
layer could be applied in a similar method without the need for a mesh screen, and 
so reducing the amount of equipment needed, reducing waste and speeding up 
process time. 
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The equipment that needed to be selected was a tool to carry out the function of 
the screen printing squeegee (i.e. to be used for material layer application) and the 
materials required for masking off areas where particular layer materials need not 
be applied. 
From some initial trials, the equipment that produced the most even layers and 
masked areas effectively to give the best edge definition were a rigid material 
applicator and self-adhesive PVC film masking templates. These sufficiently 
replicated the screen printing process and were used to make the thick film devices. 
7.2.2 Masking Template Design 
The initial number of layers and layer shape was followed from a document 
produced by H C Starck (the supplier of the transparent electrode) [148]. Figure 7-8 
and Figure 7-9 show the layer design used in these initial trials. Also included in the 
Figure 7-7: The screen printing technique. From top to bottom: a) a mesh screen is placed on a substrate, b) 
areas of the screen may be masked off, c) a viscous liquid is applied on the mesh, d) the flexible scraper forces 
material through the mesh, e) across the whole frame. 
a. 
b. 
c. 
d. 
e. 
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process guide was curing regimes, operating parameters and substrate material 
suggestions; 3mm polycarbonate sheet was selected as it was readily available and 
its rigidity was suitable for the screen printing type layer application. 
 
 
Figure 7-9: The real layer by layer build up. 
 
Figure 7-8: The suggested layer design; a) Clevios™ PEDOT:PSS, b) silver bus, c) phosphor, d) 
dielectric, e) Clevios™ PEDOT:PSS and f) silver. 
a. b. 
d. e. f. 
c. 
80mm 
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7.2.3 Structure Investigation 
The next stage was to determine the simplest possible layer structure that 
produced a working device. Since a transparent electrode, a light emitting layer and 
a rear electrode are essential components of the device (see page 29) this is the 
simplest structure that was tested; the dielectric layer and silver bus bar were 
added to see if they were required or not. Test plaques using the four following 
structures were constructed: 
 (PC Substrate) Clevios™ PEDOT:PSS – phosphor – silver  
 (PC Substrate) Clevios™ PEDOT:PSS – phosphor – dielectric – silver  
 (PC Substrate) Clevios™ PEDOT:PSS – silver bus bar – phosphor – dielectric – 
silver  
 (PC Substrate) Clevios™ PEDOT:PSS – silver bus bar – phosphor – dielectric –  
Clevios – silver  
The devices were assessed to be successful if they sustained illumination for a 
minimum of 1 minute. Upon testing it was discovered that a silver bus bar is not 
required as the device illuminated without one, however a dielectric layer is 
needed. Devices constructed without a dielectric layer were unreliable; some failed 
to illuminate, some flickered and failure occurred when operated at high voltages. 
Devices also worked when the rear Clevios™ layer was removed.  
The structure was simplified to a four layer architecture. After using the 
recommended shapes for the initial process development, the template shape was 
modified to simpler shapes (shown in Figure 7-10) in order to simplify the layer 
application process. 
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The materials were applied using the rigid scraper and a self-adhesive masking 
template, then dried and following regimes recommended by the suppliers [148]; 
these are shown in Table 7-2. 
Table 7-2: The oven regimes for the EL layer materials. 
Material 
Oven Temperature (°C) Drying Time (min) 
Range Given Value Used Range Given Value Used 
Clevios™ 80-130 130 15-30 15 
Phosphor 110-130 130 2-10 3 
Dielectric 110-130 130 2-10 4 
Silver 110-130 130 2-10 2 
 
A working device was produced with a four layer structure; Clevios™, phosphor, 
dielectric and silver layers, this is shown in Figure 7-11. 
Figure 7-10: The simplified EL structure consisting of four layers. 
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Figure 7-11: A four layer working EL device made on a PC substrate using a rigid scraper. 
  
Further variations were constructed to investigate the versatility of the structure. 
The dielectric paste layer was replaced with an adhesive PVC film; this was carried 
out to see if generic insulative materials could be used as an alternative. The device 
lit but needed a larger voltage to emit the equivalent level of light, and areas 
remained unlit where air bubbles under the film prevented contact between layers. 
A semi-transparent device was constructed by using Clevios™ for both front and 
rear electrodes and a clear adhesive PVC film was used for the dielectric. The device 
lit and light was emitted from both sides but again equivalent light levels were only 
achieved using higher voltages. 
Patterning the silver electrode results in an illuminated shape/logo; it is essential 
that there is contact between different characters/elements of the logo so that 
there is electrical connectivity across the whole shape of the electrode. The 
patterned device can be seen in Figure 7-12. 
40mm 
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Figure 7-12: A shaped EL device made using a rear electrode shaped like the WMG logo. 
 
7.2.4 Suitability to Injection Moulding 
Some experimental work was then undertaken to investigate the suitability of 
introducing these EL materials into the injection moulding process. Since the 
materials are paste and gel consistencies initially they were painted into an open 
mould using a brush. This was done because the previously selected rigid material 
applicator would not successfully apply materials across the contours of the mould 
cavity. Each layer of the device structure needs to be dried/cured before the next 
can be added; a mould heater was used at 65 °C to speed up the drying, but since 
the tooling on the machine did not have the capability of cooling, the temperature 
had to be limited to a suitable ejection temperature of the thermoplastic moulding 
material. 
Polypropylene was the moulding material used in these trials as this is a cheap, 
commodity plastic, is very stable throughout the process, does not require drying 
prior to processing and has relatively low processing temperatures. Since PP is fairly 
opaque, the finished part should be a top emitting device, i.e. the layer structure 
was applied in the sequence that results in the transparent electrode forming the 
outer surface of the moulded part (shown in Figure 7-13). 
80mm 
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Figure 7-14 shows the sequential build-up of the material layers; the brush applied 
a thick layer, each of which was dried in between application.  
 
Figure 7-14: The in-mould layer application. Left to right; Clevios™, phosphor, dielectric and silver. 
 
After moulding, it was immediately clear that some of the materials had transferred 
onto the part, but the Clevios™ PEDOT:PSS material remained in the mould. Upon 
closer inspection, it could be seen that the silver, dielectric and most of the 
phosphor had successfully been transferred to the part during moulding (see Figure 
7-15).  
Clevios™ Phosphor Dielectric Silver      Substrate 
Figure 7-13: A diagram showing the order that the layer materials are applied in-mould and appear on the final 
part. 
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Figure 7-15: A moulded part with phosphor, dielectric and silver transferred onto it. 
 
Next, the part was connected to an AC supply to see if there was any illumination. A 
crocodile clip was connected to the exposed area of the rear, silver electrode and 
due to the lack of a transparent electrode a probe was used to make contact with 
intact sections of the phosphor. Despite the complete lack of a transparent 
electrode layer illumination did occur at the electrical contact point; this initial 
experiment shows (with considerable improvements to the process) it is feasible for 
these materials to be used in the injection moulding process. Figure 7-16 shows the 
small but significant illuminated spot on this injection moulded part. 
 
Figure 7-16: The illumination of the phosphor at the electrical contact point. 
 
80mm 
80mm 
40mm 
No EL materials 
transferred 
Silver, dielectric and 
phosphor transferred 
onto part 
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The Clevios™ PEDOT:PSS material was also applied independently as a single layer, 
and moulded using PP; again the material remained in the mould after ejection. 
Clevios™ is most compatible with polyester or polycarbonate so this was not 
entirely unexpected; also PP has poor adhesion to many materials [135]. The ability 
to utilise PP in this process however, would be an extremely good development 
step if it could be overcome as it would open up new markets with cheaper 
substrate materials. 
From this initial trial experiment it can be seen that the problems that need to be 
overcome in order to make the process successful are: 
 the adhesion between layers and the substrate material,  
 the release of materials from the mould tool, and  
 the uneven coverage due to the method of layer application.  
7.2.5 Early Insert Moulding Trials 
Since applying the EL layers directly into the mould tool caused some of the 
materials to remain in the mould after a part was moulded and ejected, 
experiments were carried out applying EL layers using insert moulding. The 
electroluminescent device structure was built up on an insert substrate; this insert 
was then placed in the mould and the plastic was injection moulded over it in order 
to produce a moulded part with the insert (and EL materials) formed over the 
surface. 
Three different insert substrates were tested, PTFE coated woven mat, PET Film and 
LDPE, these were all readily available and further selection details are given in Table 
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7-3. During preparation the insert substrates were mounted on aluminium plates to 
alleviate any problems associated with handling such thin, flexible materials, e.g. 
during transfer to/from the oven. Reusable non adhesive templates were used in 
place of single use self-adhesive templates since removal of the adhesive templates 
was damaging both the substrate film and previous layers. During the preliminary 
equipment selection trials, it had already been discovered that the screen printing 
type method forces material under the edges of the non-adhesive template and if 
electrode layers spread it could cause a short circuit. To avoid this, a temporary 
application method was devised in order to quickly test the feasibility of using 
insert moulding as a processing technique. The alternative application method was 
sponge stippling; this was determined to produce the best coverage and edge 
definition.  
Table 7-3: A summary of the insert moulding trials and results. 
Insert 
Material 
Selection 
Reason 
Insert 
Characteristics 
Processibility 
(Layer drying 
and moulding) 
Moulded Part 
PTFE coated 
woven mat 
Non-stick so it 
will easily 
release from 
the materials 
and part after 
processing 
Flexible, woven 
texture 
Withstands 
130 C, 
moulded well 
Some Clevios™ 
came off with 
the insert. 
Woven texture 
to the surface. 
Part 
successfully 
illuminated. 
PET Film 
PEDOT:PSS 
adheres well to 
PET and it is a 
material 
commercially 
used in insert 
moulding 
Thick, fairly 
inflexible film, 
very smooth 
surface 
Withstands 
130 C, PET 
film (and 
Clevios layer) 
remained in 
the mould 
when the part 
was ejected 
An incomplete 
layer structure 
was left on the 
surface and 
there were 
crease marks 
from the film. 
Part did not 
illuminate 
LDPE Film Due to a low Very flexible, Significant The PE sealed 
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melting point, 
there will be 
diffusion at the 
surface during 
injection, 
forming a bond 
with the 
injected 
Polypropylene 
encapsulating 
the layers 
smooth surface shrinkage at 
130 C, can be 
made on pre-
shrunk film8, 
moulded well 
with the PP 
encapsulating 
the EL area. 
Part 
successfully 
illuminated. 
 
Working parts were produced using both the PTFE and PE insert techniques. With 
PE, copper strips were used as a means of providing an electrical connection to the 
electrode materials sealed under the film; the strips of copper were added to the 
insert when electrode layers were dried in the oven and simply overhung the edge. 
Although this method worked occasionally, the copper strips easily detached from 
the insert. A working example of a PE insert moulded part can be seen in Figure 
7-17. 
 
Figure 7-17: A working insert moulded EL device. 
This experiment shows a plastic part with a 3D curved electroluminescent surface 
can be produced using an insert moulding process (using both PTFE coated woven 
                                                     
8
 An oversized piece of PE was used and pre-heated; heating the PE actually benefitted the layer 
application process, as the PE formed to the aluminium plate and gave a flatter surface to apply 
layers to; the PE easily peeled from the aluminium after cooling and trimming to the correct size. 
However, some samples were too deformed to use. 
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mat and LDPE film), as an alternative to applying layers directly into the mould tool. 
However in order for this method to be truly successful many improvements and 
developments are required: 
 a more even layer application method, 
 a non-woven alternative to the PTFE mat, and 
 an improved electrical connection option for encapsulated layers. 
7.3 Airbrush Layer Application 
To improve the speed of processing and the quality of layers it was decided that a 
compressor driven airbrush spray would be used to apply layer materials; this 
would result in faster produced and more easily repeatable, thin, even layers. It also 
has the benefit of enabling further improvement by automation and the ability to 
apply layers over a contoured surface. The EL materials needed to be modified to 
be suitable for use with an airbrush. The materials needed to flow better (i.e. be 
less viscous) so they required dilution with a compatible solvent.  
The centipoise (cP) is a common unit for measuring viscosity of paints, inks and 
coatings; using this unit the viscosities of water, propanol and MEK are 1 cP, 1.9 cP 
and 0.4 cP respectively. An online airbrush information sheet published by a paint 
manufacturer states that the ideal viscosity for airbrushing is 35-60 cP [149]. The 
viscosity data for the exact materials used in this project were unavailable from the 
supplier but research has been carried out on similar materials which are used here 
to provide a good estimate. A W-BUS white silver, Dielectric-O and Blue Phosphor 
were measured to have viscosities (at zero stress) of 123 Pa.s, 80 Pa.s and 80 Pa.s 
respectively [150]; this is the equivalent to 123000 cP and 80000 cP. This shows that 
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the screen printing materials used in this project need considerable “thinning” to 
make them suitable for use with an airbrush. 
7.3.1 Dilution 
Initial dilution trials of the electroluminescent materials were carried out with the 
readily available solvents of distilled water, propanol and MEK;  
Table 7-4 shows the chemical composition of these. Comparing functional groups of 
the solvents and layer materials indicates which solvent is best suited for the 
dilution of the pastes. 
Table 7-4: The molecular structure of water, propanol and MEK. 
Solvent Name Chemical Formula Chemical Structure 
Water H2O 
 
Propan-1-ol C3H7OH 
 
MEK; Methyl ethyl 
ketone 
CH3C(O)C2H5 
 
 
The chemical composition and structure of the component materials within each 
layer are given in Table 7-5 (the names of the components shown in the table are 
the names given on the suppliers MSDS; these are not always the IUPAC name and 
in some cases there are a number of different names for the same compound). 
 
O 
HO 
H H 
O 
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Table 7-5: The molecular structure of the Clevios, phosphor, dielectric and silver layer materials. 
Name 
Component 
Chemical 
% by 
Weight Chemical Structure 
C
le
vi
o
s™
 S
 V
3
 
Propane-1,2-diol 65.6 
 
2,2’-Oxydiethanol 15 
 
PEDOT:
PSS 
PEDOT – 
Poly(3,4-
ethylene
dioxythio
phene) 
1.1 
 
PSS – 
Poly(styr
enesulph
onate) 
 
P
h
o
sp
h
o
r 
EL
X
1
0
 
2-(2-
Ethoxyethoxy)eth
yl acetate 
30-60 
 
Phosphor 
Not 
Given 
ZnS:Cu 
D
ie
le
ct
ri
c 
EL
X
8
0
 
2-(2-
Ethoxyethoxy)eth
yl acetate 
30-60 
 
Ceramic 
Not 
Given 
Undisclosed 
O 
O 
O 
O 
O 
O 
O 
O 
SO3H 
S 
O O 
O 
OH HO 
HO 
OH 
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Si
lv
er
 E
LX
30
 
2-(2-
Butoxyethoxy)eth
anol 
5-10 
 
Methoxypropoxyp
ropanol 
10-30 
 
Silver Powder 
60-
100 
Ag 
 
The Clevios™ PEDOT:PSS material has OH functional groups in both of the solvents 
present in it; propanol therefore appears to be best suited to dilute Clevios™ since 
this also has an OH group, however water could also act as a diluent. The solvent in 
the phosphor material is an acetate, as is the solvent in the dielectric. The C=O 
group present in MEK makes it the most obvious solvent to dilute these materials 
who also possess the C=O in the acetate group. Two components of the silver paste 
also have an OH group therefore propanol is most likely to be best suited to dilute 
the silver as well. Since MEK is most suitable for the phosphor and dielectric, it will 
also be tested for suitability with the Clevios™ and silver paste. 
First Clevios™ was initially diluted to a 1:1 ratio of paste to solvent; further solvent 
was added gradually if the airbrush did not draw up the liquid. Although this 
method of dilution was trial and error, it was deemed the most favourable for a 
number of reasons; the measuring and mixing of a number of small batches of thick 
paste materials resulted in a lot of waste of expensive materials, measuring the 
viscosity for every type of material each time it is mixed would have been very time 
consuming (and again wasteful) and when mixtures were not used for a period of 
O 
OH O 
O 
OH O 
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time the viscosity would have to be re-measured and re-adjusted. The following 
observations of the modified material were made: 
 The Clevios™ and propanol mix diluted but had solid granules in, it did not 
spray easily, 
 The Clevios™ and water mix diluted well, it also sprayed well but was 
incompatible with the PC substrate. This can be seen in Figure 7-18, the 
materials pulled away from the substrate surface giving a streaky 
appearance. The polar nature of the water molecules means that the 
cohesion between them is greater that the adhesion to the PC, causing the 
water rich Clevios™ mixture to pull together into streaks.  
 The Clevios™ and MEK mix diluted well (with a few solid granules 
remaining), it sprayed and dried well, Figure 7-18 shows the modified 
Clevios™ sprayed layers. 
MEK also proved to be the most suitable solvent for the other layer materials; again 
dilution was started at a 1:1 ratio and then adding more solvent if required: 
 The phosphor and MEK mix diluted well but separated quickly; it 
recombined upon shaking, sprayed well but needed to be shaken to remain 
well mixed. The layer shrunk when drying and cracked if over dried, 
 The dielectric and MEK mix diluted well, again this material cracked if over 
dried,  
 The silver and MEK mix diluted well but separated, it recombined upon 
shaking, the mixture sprayed well and air dried but was fragile to touch, it 
hardened when heated in an oven. 
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The solvent used to dilute the EL materials in order for them to be sprayed with an 
airbrush is MEK, also from these experiments, new drying regimes were established 
for the diluted, MEK modified materials, and these are shown in Table 7-6. 
Table 7-6: The drying regimes for the MEK-modified materials. 
Material:MEK 
Mix 
New Airbrush Drying Regime 
Oven 
Temperature 
(°C) 
Time (min) 
Clevios™ 
PEDOT:PSS 
130 5 
Phosphor 130 2 
Dielectric 130 2.5 
Silver 130 1.5 
 
7.3.1.1 ER1 Reducer V MEK 
Following the initial dilution experiments, a commercially available diluent 
specifically designed to be used with the purchased electroluminescent materials 
was acquired; it was called ER1 and was 100 % 2-Butoxyethyl acetate (see Figure 
7-19).  
Figure 7-18: Dilution of Clevios with MEK, propanol and water and the resulting layers. 
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It was used to dilute the EL materials and compared with the results produced using 
the MEK solvent. 
 
Figure 7-20: The poor coverage of materials when diluted with ER1 compared to the good coverage with 
MEK. 
 
At the level of dilution required for use in an airbrush, it was found that using ER1 
caused materials to dry with a patchy coverage (this can be seen in Figure 7-20) and 
devices made with these layer materials failed to illuminate when connected to a 
power source. The technical datasheet supplied with the EL paste materials states 
that over dilution with reducer could affect its print properties, as it had done here. 
MEK remained the solvent of choice for the rest of the project. 
7.3.2 Layer Build Up 
Initially the same four layer structure was used that was developed in section 7.2.3; 
each electrode extends to opposite sides of the PC substrate plaque, the phosphor 
O 
O 
O 
Figure 7-19: The molecular structure of ER1. 
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layer covers the area where the electrodes overlap and the dielectric layer covers 
an area larger than the phosphor to ensure the separation of the two electrodes (a 
diagram can be seen in Figure 7-10 on page 116).  When using this structure with 
airbrush applied layers, two significant problems were encountered; the dielectric 
layer cracked when dried and when connected to an AC supply, the Clevios™ 
PEDOT:PSS layer burned where the teeth of the crocodile clip connected with the 
material. The dielectric material only cracked where it overlapped the edge of the 
phosphor layer so this problem was overcome by extending the size of the 
phosphor area to match that of the dielectric. The new structure can be seen in 
Figure 7-21. 
 
 
The burning of the Clevios™ at the contact point was most likely caused because 
the layer applied using the airbrush is much thinner that the paste method, this can 
be seen from the lighter colour and greater transparency of the layer. A thinner 
layer would give an overall smaller cross-sectional area at the contact point, 
resulting in a greater electrical resistance and more heating associated with the 
resistance, causing burning. Another explanation is that it could be a negative 
impact of diluting the paste materials to such a high degree. This problem was 
overcome by adding a silver busbar across the width of the electrode to increase 
Figure 7-21: The adapted four layer structure; including a larger phosphor layer and a silver bus. 
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the contact area with the Clevios™. Although it was determined that this element of 
the structure was not required using the paste method, it seems it is required when 
using the airbrush layer application process. 
A further problem was found with the diluted dielectric material, a few days after 
mixing a solid congealed at the bottom of the container; when sprayed the 
coverage looked complete but upon drying it could be seen that the layer was 
patchy and uneven. This problem could be overcome; the mixture could be 
recombined using vigorous mechanical mixing or more simply, small batches of 
dielectric were mixed as required. 
A working device made using the airbrush method can be seen in Figure 7-22. 
 
Figure 7-22: A working EL device made using the airbrush application method. 
 
7.4 Airbrush Produced Inserts 
Following the success of producing working airbrush devices the next logical step 
was to produce devices on a thin insert material that can be over moulded – this 
would determine if the modified materials and thinner structure could withstand 
the conditions of the injection moulding process and still illuminate when taking on 
40mm 
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a 3D, curved profile. Insert substrates can either remain as part of a moulded 
product or can be removed following moulding; both options were investigated. 
The methodology developed during the early insert moulding was adopted, 
mounting the insert material onto aluminium plates and using re-useable non-
adhesive masking templates with the new airbrush application and drying regime. 
The same three insert materials were tested with the airbrush layer application 
method; that is LDPE film, PET film and PTFE woven mat. Some PTFE film was also 
purchased and tested as a smooth alternative to the textured PTFE mat. 
7.4.1 LDPE Film 
The airbrush materials sprayed evenly onto the PE giving uniform layers on the film; 
and when moulded produced devices with a smooth surface finish. However, there 
were flow lines evident in the underlying layers and these became more apparent 
when illuminated (this can be seen in Figure 7-23). 
 
Figure 7-23: An illuminated EL device manufactured using a LDPE insert; flow lines are visible. 
 
As with the initial insert trials using LDPE, devices were sprayed onto oversized pre-
heated PE film and cut to size before moulding; although this method worked on 
some occasions, there were still some random failures when further distortion 
80mm 
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occurred when drying individual layers. The use of copper contact points was 
repeated but this time adhesive copper was used to improve the adhesion to the 
insert and it also provided the added function of securing the insert into the mould 
during the cycle. The copper electrical contact point design still had problems; the 
adhesive copper that overlapped the film remained adhered to the tool during 
ejection and therefore pulled a section of the insert away from the part, disrupting 
the layer structure (as shown in Figure 7-24).  
 
To overcome this problem, the copper was then bent around the edge of the film; 
but during moulding, the force of the injected material often displaced it from the 
film (as in Figure 7-25). 
 
 
 
 
Figure 7-24: A diagram showing how the insert pulled away from the part during ejection. The purple represents 
the EL layers on the pale blue LDPE with orange copper strips. 
Figure 7-25: A diagram showing the displacement of the copper connectors, separating them from the electrode 
layers. 
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Once the connection points had become displaced, the rest of the device was 
sealed by the PE film and could not be operated. Despite these problems, some PE 
inserts did mould successfully, however, there are still some problems with the 
method that need to be overcome: 
 The fast drying times provided by the high oven temperatures are not 
beneficial enough to warrant the number of inserts that fail during 
manufacture, so a cooler, longer drying time will be used.  
 An improved method of providing electrical connection points will also need 
to be developed. 
7.4.2 PET Film 
PET film can be printed onto and is used in a number of laminate structures; these 
qualities suggest that this is an appropriate material to use in this process where a 
multi-layer structure is made by airbrushing layer materials onto an insert film and 
then injection moulding of the insert. The Clevios™ transparent electrode material 
used in this project also readily adheres to polyesters. 
Upon moulding it was clear that the thickness and stiffness of the PET film caused 
significant creases over the 3D curve of the part, the PET film did not bond to the PP 
and separated (along with the Clevios™) from the rest of the part; this can be seen 
in Figure 7-26. 
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Figure 7-26: The PET film and Clevios™ did not adhere to the part. 
 
The lack of adhesion to the PP substrate, the thickness of the material and the 
separation that occurred between the EL layer materials were all problematic. 
These problems could be overcome by using a much thinner and more flexible PET 
insert film and a PET injected substrate; but since LDPE film and PP substrate were 
both readily available and also produced an encapsulated device, this was the 
option that was continued. 
7.4.3 PTFE Coated Woven Sheet 
PTFE is a chemically inert, hydrophobic material with a low coefficient of friction 
which is well known for its non-stick properties. The sheet used here is a very 
flexible woven mat coated in PTFE. The PTFE coated woven sheet was selected 
because its non-stick properties make it a suitable choice to use as a carrier film; 
the EL materials would transfer completely onto the moulded part and not remain 
on the film when it is removed. The materials applied well to the sheet, forming 
even coatings and these did not readily peel off when handling the insert. 
80mm 
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Figure 7-27: An injection moulded EL device made using PTFE coated woven mat inserts. 
 
Upon removal of the insert, some material did pull away from the part but there 
were enough of the layers intact to make a working EL device (this can be seen in 
Figure 7-27). However the woven texture of the mat also left an undesirable 
pattern on the surface of the part. There was some burning of the Clevios™ 
material where the electrical connection was made with the surface; a copper strip 
was added to increase the contact area which eliminated the problem. In future, a 
silver busbar along the length of the transparent electrode will be incorporated into 
the structure which will remove the need for the later addition of a copper strip. 
7.4.4 PTFE Film 
Some PTFE film was trialled as an improvement on the PTFE coated woven mat; the 
film, retains all of the benefits associated with being a non-stick material, however 
the thin (0.05 mm), flexible film has a very smooth surface finish which will transfer 
onto the moulded part.  
When applying the first layer of material onto the film (the Clevios™ PEDOT:PSS), 
spraying at a close distance caused an uneven dispersion of the liquid. The non-stick 
80mm 
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nature of the film caused the material to pull away leaving uncoated regions (see 
Figure 7-28), however subsequent layers coated evenly. 
 
Figure 7-28: If sprayed at a close distance, Clevios™ did not coat the PTFE evenly. 
 
It was found that, when applying the Clevios™ PEDOT:PSS layer, a fine spray over a 
longer application time gave more uniform material coverage; this was achieved by 
diluting the material further and by holding the airbrush at a greater distance away 
from the film surface (15-20 cm). 
 
Figure 7-29: A more even coated PTFE insert, after insert moulding and illuminated. 
 
Figure 7-29 shows that working parts were successfully made using a PTFE insert; 
the surface finish is smoother that when the woven mat was used, however there is 
still not a complete transfer of material to the part. 
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7.4.5 Summary 
The parts produced using polyethylene inserts do not suffer from the adhesion 
problems and layer separation that the other insert materials do; this is because the 
PE remains on the part and bonds to the PP injection substrate. PE also has the 
benefit of acting as a protective layer encapsulating the electroluminescent 
materials, and although there are problems associated with providing electrical 
contact points to the sealed device this is a viable insert material to use in this 
method. The PET film neither bonded to the part nor transferred all of the layers to 
the part due to compatibility with Clevios™ and its incompatibility with the PP 
substrate. It also left crease marks on the part because of the thickness and 
inflexibility of the film. A complete PET system could work as a solution but both 
thin flexible PET film and granular PET injection moulding substrate would need to 
be purchased. 
The PTFE woven sheet and PTFE film are insert materials that are designed to act as 
a medium to transfer the EL materials onto the moulded part and as such are 
removed following processing. During removal, the poor adhesion between the 
transparent electrode material and the emissive layer causes the Clevios™, in part, 
to remain on the insert film. Despite some Clevios™ layer damage, working 3D 
injection moulded electroluminescent devices were produced using PTFE woven 
sheet and PTFE film. The PTFE sheet gave the best surface quality of the transferred 
layers, so this along with PE were both further investigated as insert film options. 
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7.5 In-mould layer Application 
After producing working 3D plastic products with electroluminescent capabilities 
using pre-prepared airbrushed inserts in the injection moulding process, the next 
step was to introduce the layers into the mould directly. 
The airbrush was used to spray directly in-mould the EL layer structure that is 
shown in Figure 7-13 on page 119; each of the thin layers was dried before the next 
was applied; the drying times varied slightly due to variation in layer thickness and 
mould temperature (the drying regime can be seen in Table 7-7).  
Table 7-7: The drying regime when applying the modified materials in-mould using an airbrush. 
Material:MEK 
Mix 
In Mould Drying Regime 
Mould Tool 
Temperature(°C) 
Time (min) 
Clevios™ 65-70 2-2.5 
Phosphor 65-70 1.5-2 
Dielectric 65-70 2-2.5 
Silver 65-70 1-1.5 
 
The same adhesion and release problems encountered in the initial in-mould trials 
occurred here but not to such a great extent (see Figure 7-30). Again, there was a 
burning of the Clevios™ material at the electrical contact point so a silver busbar 
will have to be incorporated into the structure to avoid this. 
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Figure 7-30: EL layer materials on a plastic part made directly in-mould 
 
The next step was to apply individual layer materials sequentially to determine at 
which boundary the problems occur. 
7.5.1 Adhesion between Layer Materials and the Substrate 
 The EL materials were applied in-mould starting with a single layer and increasing 
the number of layers each time to determine which interfaces had adhesion 
problems. 
 
Figure 7-31: The adhesion between layers is investigated. Silver layer only (left), the silver and dielectric 
layers (centre), and finally the silver, dielectric and phosphor layers (right). 
The mould tool was heated to 65 C to dry the layers; firstly a silver layer was 
applied and then moulded. The silver material adhered to the PP and released from 
the mould. Next the dielectric followed by silver was moulded and then phosphor, 
dielectric and silver. All had no adhesion problems or any material left in the tool 
(see Figure 7-31). 
80mm 80mm 
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Figure 7-32: Testing the adhesion between layers; silver, dielectric, phosphor and Clevios layers. 
 
Finally, all layers were applied in-mould; Clevios™ was applied followed by the 
phosphor, dielectric and silver and then moulded. The Clevios™ layer remained in 
the mould after ejection and separated from the phosphor; some of the other layer 
materials also separated from the part at the injection point (see Figure 7-32). 
Two different options can be tried to overcome the adhesion problem; a different 
injected polymer could be trialled and a mould release can be used on the tool. 
7.5.2 Changing the Injection Substrate Material 
Clevios™ PEDOT:SS is recommended to be applied to a PC substrate (as stated in 
the H C Starck processing guide [148]) so PC was also trialled as the injection 
material and compared to parts produced using PP. From the samples produced it 
was apparent that there was no improvement in the adhesion between the layer 
materials and a PC substrate compared to the PP substrate. 
In fact, the higher the number of layers that were moulded over, the less material 
transferred onto the part (see Figure 7-33). 
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Figure 7-33: Testing the adhesion of layer materials to PC. 
 
However, the material directly adjacent to the substrate is the silver electrode so it 
may be irrelevant that Clevios™ bonds better to PC; in addition to that, the 
materials are already in their cured/dried states when the substrate is injected over 
them. In their solid state they would be less likely to bond to the substrate 
compared to been applied wet and dried or cured on the surface. 
Since PP is cheaper and easier to mould than PC and there appears to be no 
adhesion benefits to using PC, PP will remain as the substrate materials to be 
injected. 
7.5.3 Mould Release 
A number of different mould releases were available in the workshop and were 
trialled as release options; they were judged by how well the Clevios™ PEDOT:PSS 
released for the tool (see Table 7-8). Each time the mould release was applied as 
per the manufacturer instructions and a layer of Clevios™ was sprayed in-mould, 
onto a tool at 65 C. The Clevios™ was allowed to dry for 2-3 minutes and then PP 
Silver 
Silver, Dielectric, 
Phosphor & Clevios™ 
Silver & Dielectric 
Silver, Dielectric 
& Phosphor 
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was injected at 220 C. Finally the mould tool was cleaned in between each test to 
avoid contamination. 
Table 7-8: The results of the mould release trial. 
Name Type Release Effectiveness 
Effect on Surface 
Finish 
Finish Kare #1165 Wax 
About 60% of the 
Clevios™ released 
Lines were visible due 
to uneven coverage of 
the wax from the 
sponge applicator 
Ambersil PTFE Spray No Clevios™ released N/A 
Ambersil Formula 
20 
Spray No Clevios™ released N/A 
ACMOS 82-2405 Spray 
About 85% of the 
Clevios™ released (see 
Figure 7-34) 
The surface finish was 
slightly duller 
ACMOS 82-7007 Liquid No Clevios™ released N/A 
 
 
Figure 7-34: The release of Clevios™ from the mould when using ACMOS 82-2405 release spray. 
 
The result of this set of experiments is that ACMOS 82-2405 release spray is the 
most suitable for preventing Clevios™ from sticking inside the mould tool during the 
injection moulding process. The ACMOS 82-2405 mould release is a film forming 
release and is designed for the release of Poly(methylmethacrylate) (PMMA) [151], 
but it is not immediately obvious why this particular release works the best with 
PEDOT:PSS.  
80mm 
Scoping Experiments 
 
Beth Middleton  145 
7.6 Findings from Scoping Experiments 
When making devices using the commercially bought paste materials: 
 A dielectric layer is required; devices fail at high operating voltages without 
one, probably due to a short circuit across the electrodes. 
 A silver busbar is not required; devices light evenly across the surface 
(although the illuminating area is only 4 cm x 4 cm) and there is no damage 
to the transparent electrode material at the electrical connection point. 
 Other insulative materials can be used in substitution to the supplied 
dielectric; an adhesive PVC film was used successfully to produce a standard 
device structure and a semi-transparent structure where light is emitted 
from both sides of the device. Both of these devices produced a dimmer 
light; this is possibly due to a lower electric field produced by an equivalent 
RMS voltage due to a greater distance between the electrodes (a thicker 
dielectric layer). 
 Shaped illuminated areas can be produced by shaping one of the electrodes 
or the phosphor layer. 
 When applied in-mould, Clevios™ sticks inside the tool cavity. 
 There are major adhesion problems between Clevios™ and PP, PC substrates 
and its neighbouring layer material phosphor. PET should be trialled in 
future injection moulding tests if it is available. 
 Despite some problems, it can be said that the EL materials can withstand 
the temperatures and pressures of the injection moulding process as 
working parts have been made using an insert moulding technique. 
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When applying diluted materials using an airbrush and compressor: 
 MEK is a suitable diluent for all of the layer materials; approximately 40 % 
paste; 60 % MEK mix (by volume) airbrushed well. 
 Even layers are achieved and working devices can be made using this 
material application technique. 
 A silver busbar is required to protect the transparent electrode material at 
the electrical connection point. 
 PE inserts can be made and moulded but high drying temperatures destroy 
many samples and the development of a method of gaining electrical 
contact to the encapsulated electrode layers is required. 
 Further dilution and a large spray distance are required when applying 
layers onto PTFE film for insert moulding. 
 There are still adhesion problems at the phosphor-PEDOT:PSS interface; 
some transparent electrode is removed with the PTFE after moulding (this 
should not happen) 
 ACMOS 82-2405 spray provides the best release of the transparent 
electrode from the mould tool when applying materials directly in-mould. 
7.6.1 Summary 
The work described in this section shows that it is possible to produce an injection 
moulded part with a working electroluminescent structure on the surface. The PE 
and PTFE inserts both produce working EL devices but each have issues that need to 
be addressed in order to produce more reliable parts. The in-mould layer 
application has also produced parts that have the EL layer structure on the surface 
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(albeit not complete) and work has been carried out to overcome this problem by 
improving the release of the electroluminescent materials from the mould tool. The 
basic method of producing injection moulding EL parts has been developed (both 
insert and in-mould) but there needs to be considerable refinement of the 
techniques if the process is to be viable and this will be explored in Chapter 8. 
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8 PROCESS REFINEMENT EXPERIMENTS 
A basic methodology has now been developed to produce injection moulded EL 
devices using in-mould and insert moulding techniques but both methods have 
specific problems that need to be addressed and they will be covered in this 
chapter where each technique will be refined. Each method has benefits and 
drawbacks associated with it (see Table 8-1) and both can be improved by 
overcoming similar problems. 
Table 8-1: A table showing the pros and cons of each of the developed methods. 
 Benefits Drawbacks 
In
-M
o
u
ld
 L
ay
er
 
A
p
p
lic
at
io
n
 
 Truly is a one stage 
process; no pre- or post- 
processing required. 
 Conflict of heating regimes 
between the layer and 
injected materials 
 Very long cycle time 
 Separation between 
PEDOT:PSS and phosphor 
due  to poor adhesion 
In
se
rt
 M
o
u
ld
in
g 
 Short moulding time 
achieved by pre-preparing 
inserts 
 An additional manufacturing 
stage is required to make 
inserts 
 PTFE inserts: Separation 
between PEDOT:PSS and 
phosphor due  to poor 
adhesion 
 PE inserts: Problems 
providing a reliable 
electrical connections to the 
electrodes  
 
Problems with the in-mould layer application and PTFE insert moulding both stem 
from poor adhesion between the PEDOT:PSS and phosphor layers; removal of the 
insert and ejection from the mould tool causes separation between the PEDOT:PSS 
and the phosphor.  
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The insert moulded and in-mould processes have so far used the following basic 
layer structure: 
 A PEDOT:PSS transparent electrode (with a silver busbar), 
 A phosphor layer, 
 A dielectric layer, and  
 A silver rear electrode. 
These layers are applied using an airbrush either directly into the injection mould 
cavity or onto an insert film which is placed in the cavity; the layers are injection 
moulded onto and the resulting moulded part has a top emitting EL structure in its 
surface (this is shown in Figure 8-1). 
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8.1 Overcoming Adhesion Problems 
Two different techniques were trialled as methods to improve the adhesion 
between the PEDOT:PSS and phosphor layers; the use of more compatible 
electrode materials and adding an extra layer into the structure (an additional 
bonding layer in-between the two incompatible layers). Improving the adhesion 
between the PEDOT:PSS and phosphor layers would improve both the in-mould and 
PTFE insert moulding technique. 
a. b. 
c. 
Injection moulded 
polymer 
Mould 
tool/insert 
film 
surface 
EL Layers: 
PEDOT:PSS (with Silver Busbar) 
Phosphor 
Dielectric 
Silver 
Figure 8-1: A diagram showing the basic process and structure; a. the EL layers are applied to the insert film or the 
mould tool, b. the layers are injection moulded over & c. once ejected, the injected substrate has the layer 
structure embedded into its surface. 
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8.1.1 Using Different PEDOT:PSS Brands 
The transparent electrode material used in the EL structure is PEDOT:PSS 
conductive polymer; the brand used so far (that has separated from the phosphor 
layer) is H C Starck’s Clevios™ S V3. Two further brands of PEDOT:PSS were 
purchased; Orgacon™ from AGFA(with an adhesion improver) and ITO-R from 
Electra Polymers (the supplier of the phosphor, dielectric and silver pastes).  
Comparing the molecular structure of the components of each PEDOT:PSS brands 
and the phosphor material may give an indication as to which is likely to give the 
best adhesion. The MSDS provided by Electra Polymers [152] shows the 
predominant chemical component (30-60 %) in the phosphor layer material is 2-(2-
Ethoxyethoxy)ethyl acetate; the structure of which is shown in Figure 8-2:  
 
 
The chemical composition and structure of the three different transparent 
electrode materials are given in Table 8-2 to Table 8-4; in each table PEDOT:PSS has 
not been included as this is common in all three materials and makes up just a small 
percentage of the overall material (1.1 % in Clevios™, 1-5 % in ITO-R and the value 
was not given for Orgacon™). If required, the structure can be seen in Table 7-5 on 
page 126. The names of the components shown in the table are the names given on 
the suppliers MSDS; these are not always the IUPAC name and in some cases there 
O 
O 
O 
O 
Figure 8-2: The structure of 2-(2-Ethoxyethoxy)ethyl acetate, the component materials which makes up 30-60% 
of the phosphor layer. 
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are a number of different names for the same compound. The structure of the 
component chemicals in Clevios are given in Table 8-2. 
Table 8-2: The molecular structure of the component chemicals in Clevios. 
Component 
Chemical 
Percentage 
by Weight 
(%) 
Chemical Structure 
Propane-1,2-diol 65.6 
 
2,2’-Oxydiethanol 15 
 
 
The indium tin oxide replacement (ITO-R) supplied by Electra Polymers was selected 
based on the compatibility with their other electroluminescent materials, as stated 
in the data sheet. The molecular structures of the components of ITO-R are given in 
Table 8-3. 
Table 8-3: The molecular structure of the component chemicals in ITO-R. 
Component 
Chemical 
Percentage 
by Weight 
(%) 
Chemical Structure 
Propane-1,2-diol 60-100 
 
2,2’-Oxybis ethanol 10-30 
 
 
O 
OH HO 
HO 
OH 
O 
OH HO 
HO 
OH 
Process Refinement 
 
Beth Middleton  153 
It was identified that Clevios™ S V3 and ITO-R have the same component solvents in 
them, albeit in a different proportion and different versions of the name are stated 
in each MSDS. 
Orgacon™ supplied by AGFA Materials was selected because an adhesion improver 
could also be purchased and mixed with it. The structure of the component 
materials of both Orgacon™ and its adhesion improver are given in Table 8-4. 
Table 8-4: The molecular structure of the component chemicals in Orgacon and its adhesion improver. 
 
Component 
Chemical 
% by 
Weight 
Chemical Structure 
O
rg
ac
o
n
™
 
Propylene Glycol 60-80 
 
Diethylene Glycol 5-10 
 
Ethanol 1-5 
 
Poly(oxy-1,2-
ethanediyl),-
hydro-, -hydroxy-, 
ether  
WITH 
Poly(difluoromethy
lene),-fluoro, -
(2-hydroxyethyl) 
(1:1) 
0.1-0.5 
 
 
A
d
h
es
io
n
 
Im
p
ro
ve
r Propan-1-ol 1-3 
 
Water 60-80 
 
H H 
O 
HO 
F 
F OH 
F 
n 
H 
O 
OH 
n 
HO 
O 
OH HO 
HO 
OH 
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Polyester Polymer 25-30 
9 
 
Once again Orgacon™ has two of the same solvents as the other two brands of 
PEDOT:PSS (again in a different amount and a different name); however, it also has 
a small amount of a blend including a highly polar fluoro-polymer. When mixed 
with the adhesion improver, is the most chemically compatible PEDOT:PSS brand to 
the phosphor; this is mainly due to the presence of the CO=O present in the 
polyester.  
Each of the PEDOT:PSS brands were diluted with MEK and applied using an airbrush 
in adhesions tests to determine which was the most suitable to use when producing 
injection moulded EL devices.  
8.1.2 Intermediate Bonding Layer 
In addition to testing alternative PEDOT:PSS brands, the use of a bonding layer will 
also be investigated. It is important that the material used as the bonding layer 
does not disrupt the electroluminescent mechanism; it would be useless to produce 
a well adhered part if it does not light up. 
The material trialled as the intermediary layer between the PEDOT:PSS and the 
phosphor materials was a mixture of the two materials. Three different ratios were 
tested; 1:4 (A), 1:1 (B) and 4:1(C) (the ratios given are volume of diluted PEDOT:PSS 
                                                     
9
 Since the exact polyester was not given, the structure of a generic polyester has been shown for 
visualisation of the functional groups; the green crosses represent any section of polymer chain. 
O O 
O O 
n 
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to the volume of diluted phosphor). The miscibility, drying time, transparency and 
adhesion to adjacent layers are all important factors when considering if this 
mixture and in what ratio is suitable for use in the EL devices; but more importantly 
the inclusion of a bonding layer must still produce a working device. 
Figure 8-3 shows the bonding layers against light and dark backgrounds 
respectively; it can be seen that from A to C the mixtures are darker in colour but 
more transparent. The layers sprayed evenly and were dried at 130 C in 3 minutes. 
 
Figure 8-3: The three ratios of bonding layer (made using the Clevios PEDOT:PSS) shown against light and 
dark backgrounds. 
 
Electroluminescent devices were produced using all three different mix ratios (A, B 
and C) along with a device with no bonding layer (D) for comparison; these can be 
seen in Figure 8-4. These tests highlighted one possible problem when using an 
additional bonding layer; some of the mixtures did not mix completely 
homogeneously and this had implications in the appearance of the device and 
caused blockages in the airbrush. This is discussed further in section 8.1.4. 
80mm 
Process Refinement 
 
Beth Middleton  156 
 
Figure 8-4: EL devices made using an additional bonding layer in between the PEDOT:PSS and phosphor. The 
ratios of PEDOT:PSS to phosphor are A (1:4), B (1:1), and C (4:1); D has no bonding layer. 
 
The devices made all illuminated successfully (an example can be seen in Figure 
8-5); this shows that including a PEDOT:PSS-Phosphor mix bonding layer in the 
structure is a viable route to follow so this option will also be used in the adhesion 
tests. 
 
Figure 8-5: A working EL device made with an additional bonding layer in between the PEDOT:PSS and 
phosphor. 
 
80mm 
80mm 
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Adhesion tests were then carried out investigating both the use of different 
PEDOT:PSS brands and the addition of a bonding layer (using each transparent 
electrode material); the aim of these tests was to quantify the adhesion to 
determine the best combination to use in the injection moulding process. 
8.1.3 Adhesion Tests 
Since the problems experienced during in-mould layer application and insert 
moulding are due to poor adhesion between the transparent electrode and the 
emissive layer, a set of experiments were designed to determine the layer 
combination with the best adhesion by varying the electrode material and use of a 
bonding layer. 
An experimental plan was designed to compare the adhesion of different layer 
combinations; three transparent electrode materials (ITO-R, Orgacon™ and 
Clevios™) and four bonding layer options (1:4, 1:1, 4:1 electrode-phosphor mixes 
and no bonding layer) were considered. Each bonding layer option was replicated 
with each electrode material (giving 12 different permutations) and repeated 3 
times (totalling 36 test samples).  
Since the layers to be tested were thin (in the region of 10’s of microns) and the 
forces required to separate them were small, a peel test was deemed unsuitable. It 
was decided that a cross cut adhesion test would be the most suitable in this 
situation. Layers would be applied using an airbrush, a 10 x 10 grid is scored into 
the surface and then an adhesive tape is applied and removed; this test is defined 
in ISO 2409 [153].  
Process Refinement 
 
Beth Middleton  158 
Counting adhered squares would provide a percentage adhesion result and a 
comparison between samples could be made. The only layers to be applied in the 
tests were the transparent electrode, the phosphor and the bonding layer (where 
appropriate); this was because during experimentation there were no adhesion 
problems at the silver-dielectric and dielectric-phosphor boundaries. Since only the 
PEDOT:PSS-phopshor interface is of interest, test can be carried out on any suitable 
substrate material. 
8.1.3.1 Cross Cut Test 1 
The layers were applied to a polycarbonate substrate as this is compatible with the 
EL materials and the same material that was used to make the traditional, thick 
layer and airbrush devices; this differs from the injected substrate material but the 
important measurement in this test was solely the adhesion between the 
PEDOT:PSS and the phosphor so it was irrelevant what substrate material the layers 
are mounted on. In order to match the adhesion test as closely as possible to the 
method used during experimentation, the EL materials were applied in the same 
order as both the in-mould method and insert production; first the PEDOT:PSS 
transparent electrode, then the bonding layer and phosphor respectively (see 
Figure 8-6). This was done because any curing/drying that occurs during the process 
may affect adhesion so the drying sequence was replicated exactly. 
    
 
Figure 8-6: A diagram showing the sequence of layer application in cross cut test 1; PEDOT:PSS, bonding layer 
(where applicable), then phosphor. 
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One set of samples were made (using the Clevios™ brand of PEDOT:PSS) and testing 
began; the sample was scored and the tape applied and removed. Despite the fact 
that this was a layer combination (Clevios™ and no bonding layer) that separated 
during experimentation there was 100 % adhesion in this test (the sample is shown 
in Figure 8-7). Two other samples of the same combination were tested but they 
both had 100% adhesion, it was clear the test was not valid. 
 
Figure 8-7: A Clevios™/no bonding layer/phosphor sample showing almost 100% adhesion in cross cut test 1. 
 
In order to improve the adhesion test some modifications to the method were 
made. Since the ejection and insert removal normally occurs when the sample is 
still relatively hot, following production, the samples were all scored then heated in 
an oven to 130C (temp. of part approx. 30s after injection). The adhesive tape was 
40mm 
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added and removed while still hot but the result was the same, 100 % adhesion was 
achieved between materials that do not adhere in-mould. The test was redesigned. 
8.1.3.2 Cross Cut Test 2 
After further consideration it was decided to perform the same cross-cut test (The 
ISO 2409 [153]) but with the layers applied in the reverse order; first the phosphor, 
then the bonding layer and the transparent electrode respectively (see Figure 8-8). 
This was justified because during ejection and insert removal, the transparent 
electrode is the outermost layer, so this was replicated in this adhesion test. 
 
 
As in cross-cut test 1, a layer combination that separated during experimentation 
(Clevios™ transparent electrode and no bonding layer) remained 100 % adhered 
after the tape was removed (as seen in Figure 8-9); again this meant that the test 
was not valid. 
 
Figure 8-9: A Clevios™/no bonding layer/phosphor sample showing 100% adhesion in cross cut test 2. 
Figure 8-8: A diagram showing the sequence of layer application in cross cut test 2: phosphor, bonding layer 
(where applicable), then PEDOT:PSS. 
40mm 
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Even incorporating similar heat conditions the devices undergo during part ejection 
and insert removal, the test samples are not adequately imitating the process 
conditions of the entire process occurring during experimentation. Other factors 
such as temperatures, pressures and shear forces that occur during injection 
moulding must be affecting the adhesion between the transparent electrode and 
the phosphor, and these need to be considered when designing an adhesion test. 
The ISO 2409 [153] cross cut test was clearly unsuitable and a new (non-standard) 
test was designed. A test was needed that incorporates injection moulding 
conditions but retains the variable combinations and the easily measured 
percentage adhesion result.  
8.1.3.3 Insert Moulded Cross Cut Test 
Initial thoughts to improve the adhesion test were to transfer the cross cut test in-
mould, but there would be problems when scoring the layers with the 10x10 grid; 
either the mould tool could be damaged if the test was performed directly in-mould 
or the substrate film could be perforated if an insert moulding method was used.  
The problem associated with scoring the grid was overcome by using a masking 
template producing a 10 x 10 matrix of squares when applying the transparent 
electrode layer (see Figure 8-10); this provides the one hundred square grid that 
will allow for an easy percentage measurement/quantification of adhesion. The use 
of a template limits the test to using an insert as the template does not follow the 
contour of the mould tool so a PTFE film insert method was used. 
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Figure 8-10: The 10x10 masking template grid used when making the inserts for the in-mould cross cut test. 
 
The layer order was the same as if a working device was being produced (first the 
grid patterned PEDOT:PSS electrode, then the bonding layer (where applicable) and 
the phosphor respectively). 
It was soon clear that this method of testing is also not valid. Figure 8-11 shows a 
test that again measures 100 % adhesion between Clevios™ PEDOT:PSS and the 
phosphor (no bonding layer); once again, this differs greatly to the adhesion 
achieved in-mould during experimentation. 
 
Figure 8-11: Clevios™/no bonding layer/phosphor showing almost 100% adhesion in the insert mould cross 
cut test. 
 
Since none of the methods used so far have adequately recreated the conditions 
when applying the materials in-mould, independent cross-cut adhesion tests will be 
40mm 
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terminated, and an alternative method of measuring the best layer adhesion will be 
used. 
8.1.3.4 In-mould Adhesion Observations 
The adhesion problem still remains and since none of the cross cut tests adequately 
recreate the conditions that occur in-mould, the solution must be to manufacture 
full structure devices in-situ and compare the resulting layer adhesion. Full 
structure devices (PEDOT:PSS, phosphor, dielectric and silver layers) were applied 
in-mould onto a 65 °C tool using an airbrush and moulded over using PP at 220 °C; 
the ACMOS release spray was used in each case as it had already been established 
that this significantly improves the release of the PEDOT:PSS from the tool. Each 
transparent electrode material was used both with and without a 1:1 (PEDOT:PSS 
phosphor mix) bonding layer; further bonding layer ratios could be tested if the 
presence of a bonding layer shows a significant improvement to adhesion. To 
quantify the adhesion, a 20 x 10 grid was drawn onto a transparent film, this was 
placed over the moulded part and size of the successfully adhered area was visually 
measured; this can be seen in Figure 8-12. 
 
Figure 8-12: A moulded part and the grid used to measure adhesion; this part was moulded with ITO-R 
PEDOT:PSS and a bonding layer. 
70mm 
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Measurements were made for all PEDOT:PSS and bonding layer options and 
combined with other observations to analyse the effectiveness of the adhesion 
improvement ideas. 
8.1.4 Solution to Adhesion Problems 
Adhesion measurements were taken from 18 moulded samples; the 3 different 
PEDOT:PSS brands were moulded both with and without (1:1) bonding layers and 
repeated 3 times. The results can be seen in Table 8-5. 
Table 8-5: The results of the in-mould adhesion observations. 
 
 
Variables 
 
 
PEDOT:PSS  Clevios™ S V3 ITO-R 
Orgacon™ 
(with adhesion 
improver) 
 
 
Bonding Layer 
 
None 
50:50 
Mix 
None 
50:50 
Mix 
None 
50:50 
Mix 
Sa
m
p
le
 N
u
m
b
er
 
i 
Adhered 
Squares 
Number Count 
56 169 154 172 200 199 
% Adhesion 28.0 84.5 77.0 86.0 100.0 99.5 
ii 
Adhered 
Squares 
Number Count 
176 200 58 73 200 197 
% Adhesion 88.0 100.0 29.0 36.5 100.0 98.5 
iii 
Adhered 
Squares 
Number Count 
161 119 61 115 187 191 
% Adhesion 80.5 59.5 30.5 57.5 93.5 95.5 
AV 
Adhered 
Squares 
Number Count 
131 163 91 120 196 196 
% Adhesion 65.5 81.3 45.5 60.0 97.8 97.8 
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From Table 8-5 it is clear to see that Orgacon™ (with adhesion improver) provides 
the best adhesion for in-mould layer application, and although the presence of a 
bonding layer is beneficial when used in combination with the other PEDOT:PSS 
brands, it is not necessarily required with Orgacon™. The adhesion results, along 
with how well the materials mix with both the solvent and the phosphor, were used 
to score each PEDOT:PSS brand to determine the best option to use. The results are 
shown in Table 8-6. 
Table 8-6: The overall results for the best PEDOT:PSS material to use in-mould. 
Scoring 
Categories10 
Clevios™ ITO-R Orgacon™ 
Adhesion 3 2 5 
Dilution with MEK 3 4 5 
Miscibility in 
Bonding Layer 
2 3 0 
Total 8 9 10 
 
The scores were objectively decided by the author; the adhesion scores were based 
on the adhesion test results from Table 8-5, and the dilution scores were based on 
the quality of the mixtures made with MEK and the phosphor material. 
When diluting with MEK, both Orgacon™ and ITO-R mixed more homogeneously 
than Clevios™. Orgacon™ scored highest and this is explained by the condition in 
which the materials are supplied; Orgacon™ is supplied as a smooth, homogeneous 
                                                     
10  A 0-5 score was given in three categories; MEK dilution, bonding layer miscibility 
and adhesion. 0=Very Poor, 1=Poor, 2=Adequate, 3=Good, 4=Very Good, and 
5=Excellent 
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thick liquid but Clevios™ and ITO-R are both thick, granular pastes. When diluted, 
Orgacon™ was the only material that completely mixed, with no remaining solid 
granules; the quality of the MEK mix also had an impact on the quality of the 
bonding layer mix. The granules present in both the ITO-R and Clevios™ MEK mixes 
remained in the bonding layer mixes; with the Clevios™ to a much greater degree 
than the ITO-R. Although there were no PEDOT:PSS granules in the Orgacon™ mix, 
it was clear that it was completely immiscible with the phosphor carrier polymer; 
this can be seen in Figure 8-13. 
 
Figure 8-13: The phosphor carrier polymer remains completely separate in the Orgacon™-phosphor bonding 
layer mixture. 
 
Table 8-6 shows that Orgacon™ has achieved the highest possible scores in both the 
adhesion and MEK dilution categories; although it cannot mix with phosphor to 
form a bonding layer, the results in Table 8-5 show that in the case of Orgacon™ the 
presence of a bonding layer provides no improvement to adhesion. This analysis 
indicates that Orgacon™ was the best PEDOT:PSS material to use in-mould and 
therefore was used for all remaining experiments. 
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8.2 Improvements to PE Insert Production 
In order to improve the number of successful parts made using a PE inserts, two 
different issues needed to be dealt with; the layer drying temperature needed to be 
reduced and an improved method of providing electrical contact points needed 
developing.  
Since the shrinkage occurring at 130 °C is unpredictable and renders some samples 
unusable the layer materials will be dried for a longer period of time at a cooler 
temperature. 100 °C was trialled and although the PE did not pull away and break 
at the edges, significant distortion still occurred making it difficult to apply 
subsequent layers. At 80 °C (which is the lowest cure temperature for PEDOT:PSS) 
there was a little rippling of the film caused by the expansion of the material at 
elevated temperatures but this diminished upon cooling. The new drying conditions 
for applying layer materials onto a PE film are given in Table 8-7. 
Table 8-7: Drying temperatures and times used when manufacturing PE inserts. 
Material: MEK 
Mix 
PE Insert Drying Regime 
Oven 
Temperature 
(°C) 
Time (min) 
PEDOT:PSS 80 10 
Phosphor 80 5 
Dielectric 80 8 
Silver 80 5 
 
Although the new drying conditions significantly increase the insert manufacture 
time, the benefit of having a minimal number of failures due to material warpage 
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outweighs the increased processing time (this could also be offset by manufacturing 
more inserts simultaneously). 
The next step was to improve the design of the electrical contact points; during 
moulding these need to remain connected to the electrode layers and be accessible 
outside of the sealed EL structure.  
This has been achieved using a technique shown in Figure 8-14. Firstly the PE insert 
is cut to size (Figure 8-14a). Then two holes were cut into the PE film (b) and small 
adhesive copper strips were added to one side of the PE film (c). The EL layer 
structure is then applied onto the other side of the film ensuring the two electrode 
layers make contact (through the holes in the PE) with the separate copper 
connection points; the PEDOT:PSS layer is applied (d) followed by the phosphor (e), 
dielectric (f) and silver (g). Each layer is dried using the heating regime specified in 
Table 8-7. When the film is over moulded, the EL layers are sealed to the part by 
the PE film and the copper strips are on the outer surface to allow easy connection 
to an electrical supply (seen in (h)). 
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These inserts moulded well and produced working EL parts (shown in Figure 8-15); 
this option is a neat, easy to produce, repeatable solution to the electrical 
connection problem. 
 
Figure 8-15: Working injection moulded EL devices fabricated using PE insert moulding. 
a. 
c. 
h. 
d. 
e. 
f. 
g. 
b. 
Figure 8-14: The production of injection moulded EL parts using PE inserts. 
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8.3 Implementation of the Optimised Processes 
The optimal structure, material selection and process refinements were then used 
to produce 3D moulded parts by both in-mould application and insert moulding. 
The layer structure used was PEDOT:PSS, followed by phosphor, dielectric and 
finally silver. 
8.3.1 In-Mould Layer Application 
Templates have been used throughout this project to apply layer materials to the 
required areas; especially to ensure that there is no contact between the two 
electrode layers. Thin, flat templates have been used so far however since the 
inside of the mould tool is contoured this type of template will not sufficiently mask 
off areas, allowing material to seep under it. To overcome this problem, parts were 
moulded and templates cut from the moulded parts; these templates then fit 
tightly into the mould tool and effectively mask off the appropriate areas (an 
example of a template in the mould is shown in Figure 8-16). 
 
Figure 8-16: A moulded part cut into a silver busbar masking template. 
 
Two sets of templates were made; one to produce a small device over the shallow 
curve of the part and one set that produces a large device that covers a majority of 
80mm 
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the surface of the moulded part, (extending over the sharp edges of the central 
shape). These templates are shown in Figure 8-17. 
 
Figure 8-17: Masking templates made from moulded parts: left, to make a small device & right, to make a 
large device. 
 
Figure 8-18 shows the build-up of the layer structure of the small device within the 
mould tool; the mould tool was heated to approximately 65 C and each layer was 
allowed to dry before the next layer was applied. The drying times (which had 
previously been determined through experimental work) for the Orgacon™ was 2 
minutes, the phosphor was 1.5 minutes, the dielectric layer was 2 minutes and the 
silver dried in 1 minute. After all layers had been applied and dried, PP was injected 
at 220 C; the ejected part is shown in Figure 8-19. 
 
Figure 8-18: The in-mould layer application sequence. Left to right; silver bus, Orgacon™ PEDOT:PSS, 
phosphor, dielectric and silver. 
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Figure 8-19: An injection moulded EL part made by applying EL materials directly in-mould. 
 
In Figure 8-19 a residue can be seen in the mould tool after ejection, however this 
appears to be the mould release rather than any of the EL materials; this is 
explained by the fact that the mould release is described as a film forming medium.  
The part ejected with intact layers and successfully illuminated when connected to 
an AC supply. The illuminated part can be seen in Figure 8-20 from above and a side 
view shows the curve over which the device covers.  
 
Figure 8-20: An illuminated in-mould EL part seen from the top and side. 
 
The large device was constructed in the same way but with the larger templates; 
although the part ejected with 100 % layer adhesion, there had been some 
disruption to the layers during injection. There was a discontinuation along the 
80mm 
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layers and due to this the device did not illuminate when connected to an AC 
source; this can be seen in Figure 8-21. 
 
Figure 8-21: Disruption to layer materials can be seen when moulded over sharp edges. 
 
8.3.2 Insert Moulding 
The PEDOT:PSS brand determined to have the best adhesion was Orgacon™ with 
the adhesion improver. Working insert moulded devices had already been made 
using the original PEDOT:PSS brand (Clevios™) however in order to carry out fair 
comparisons all devices should be made using the same PEDOT:PSS brand. 
However, when inserts were made using the Orgacon™ PEDOT:PSS, the inserts 
failed to illuminate. Upon closer inspection it could be seen that when the 
phosphor layer dries, shrinkage occurs; this pulls on the Orgacon™ layer below and 
causes a fracture across the PEDOT:PSS electrode. This was not seen to happen 
with the other brands of PEDOT:PSS so ITO-R was selected to be used, since this 
diluted more homogenously with MEK. 
80mm 
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8.3.2.1 PE Encapsulating Film 
PE inserts were made using the ITO-R transparent electrode, the new drying regime 
(Table 8-7 on page 167) and the new external copper connections; small and large 
layer structures were made to cover different geometries of the tool. 
Figure 8-22 shows the small device insert moulded and working; it illuminated 
evenly and had a good finish; this size of insert is moulded over a shallow curve. 
 
Figure 8-22: A PE insert moulded EL device, both off (left) and on (right). 
 
The large device insert appeared to have moulded well (Figure 8-23) but it failed to 
illuminate when connected to a power supply. A number were moulded but all 
failed to illuminate; these layers extended over both the shallow curve and sharper 
edges. There are clearly geometric curvature limitations to this process. Large 
devices on PE inserts have produced working parts before (Figure 7-23 on page 133) 
when moulded over the sharper edges (albeit with significant flow lines), so further 
investigation would be needed to make the process more consistent when 
moulding over more extreme contours. 
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Figure 8-23: A PE insert moulded EL device that extends over sharp edges; it failed to illuminate. 
 
8.3.2.2 PTFE Carrier Film 
Inserts were also made on PTFE film; silver bus bars were applied along the length 
of one side of the ITO-R which increased the area of the electrical contact to the 
transparent electrode. The layers were dried at the higher temperature of 130 °C, 
using the drying temperature shown in Table 8-8. 
Table 8-8: The drying regime used when producing EL inserts on PTFE film. 
Material:MEK 
Mix 
PTFE Insert Drying Regime 
Oven 
Temperature 
(°C) 
Time (min) 
PEDOT:PSS 130 4 
Phosphor 130 2 
Dielectric 130 2.5 
Silver 130 1.5 
 
The inserts (with both large and small devices) moulded well, all of the transparent 
electrode transferred onto the part giving a smooth surface finish and illuminated 
evenly as shown in Figure 8-24 and Figure 8-25. 
80mm 
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Figure 8-24: The small PTFE insert moulded device; off (left), on viewed from above (centre) and on viewed 
from the side (right). 
 
 
Figure 8-25: The large PTFE insert moulded device; off (left), on viewed from above (centre) and on viewed 
from the side (right). 
 
The larger devices again extended over the more acute angles at the edge of the 
central moulded shape and despite some slight layer fractures in sections where 
the insert is stretched over a corner, the device works as intended. 
The large device also showed slight surface defects where the PTFE film had 
creased when moulded over but these were less apparent when illuminated. 
8.4 Post Mould Layer Application 
As well as producing injection moulded 3D EL parts by applying layers within the 
mould during processing, an alternative post production method using the airbrush 
spraying technique was investigated. The feasibility of spraying materials onto pre-
manufactured plastic parts was studied; this differs from current retrospective 
60mm 
80mm 
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addition of EL capability by applying each layer individually rather than attaching a 
pre-manufactured EL sheet. A benefit of the new method would offer greater 
conformity over the contours of the entire part. 
 
Figure 8-26: PC and PP moulded parts. 
 
Layers were built up on both PP and PC plastic parts (Figure 8-26); the PP is fairly 
opaque and the PC available to use was a dark colour so it was decided to apply the 
layers in reverse order as a top emitting device. In this configuration the light is 
emitted from the surface of the part rather than through the main substrate 
material; this also reproduced the same device orientation produced by the in-
mould and insert moulding processes described earlier. 
 
Figure 8-27: The EL layer application: left to right, silver, dielectric, phosphor, PEDOT:PSS and silver bus. 
Figure 8-27 shows the silver electrode applied first followed by the dielectric, 
phosphor, PEDOT:PSS and finally a silver busbar was applied to the transparent 
80mm 
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electrode. The finished and working devices are shown in Figure 8-28 and Figure 
8-29. 
 
Figure 8-28: A working PC EL part made by post mould layer application. 
 
 
Figure 8-29: A working PP EL part made by post mould layer application. 
 
The layers adhered well to the part and to each other and were dried at 130 °C, 
following the same drying regime as the airbrush plaques (Table 7-6 on page 129). 
There is some cracking that occurred at the edges of the PC these are not evident 
on the PP part and were probably due to variations in the layer application. At high 
voltages there was some burning at the position of the cracks. 
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The PP part has a more uniform layer coverage and illumination (Figure 8-29); this 
was achieved by increasing the distance between the airbrush and the surface to 
ensure a more even coating of the sprayed material. 
8.5 Findings from Process Refinement Experiments 
The process refinement experiments have highlighted some interesting findings: 
 A bonding layer can be made by mixing the MEK diluted phosphor and 
PEDOT:PSS materials; incorporating the bonding layer in between the 
PEDOT:PSS and phosphor does not impair the devices ability to illuminate.  
 When spraying EL materials directly in-mould, Orgacon™ provides the best 
adhesion to the phosphor layer; there is 97.8 % adhesion between 
Orgacon™ and phosphor both with and without the use of a bonding layer. 
 The presence of a bonding layer improves adhesion to the phosphor layer 
for both Clevios™ and ITO-R; the bonding layer provides a 24 % increase in 
adhesion for Clevios™ and 32 % increase for ITO-R. 
 Different brands of PEDOT:PSS are suited for different techniques; due to its 
superior adhesion, Orgacon™ is the most suitable brand to use in-mould but 
when making inserts the drying phosphor fractures the Orgacon™ 
PEDOT:PSS layer. ITO-R is the most suitable PEDOT:PSS brand for the insert 
moulding techniques. 
 A lower drying temperature of 80 C is more appropriate when 
manufacturing PE inserts. 
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 PE insert moulding can produce plastic parts with EL layers over a shallow 
curve but there are some problems with devices that extend over sharp 
edges. 
 PTFE insert moulding has the ability to produce moulded plastic parts with 
an EL layer structure over both a shallow curve and sharper edges. The PTFE 
film produces a part with a very smooth, glossy surface. 
 In-mould layer application is successful in producing moulded plastic parts 
with an EL surface applied over a shallow contour but layers applied over 
sharper edges (radius of 1 mm) are disrupted during injection. 
 When applying layers directly in-mould, the surface finish and uniformity of 
illumination is of a lower quality than that of devices produced by insert 
moulding. 
 It has also been determined that using the airbrush layer application; the 
multi-layer EL structure can be successfully applied directly onto existing 3D 
plastic parts as a post mould technique. 
8.5.1 Summary 
Improved methods of injection moulding electroluminescent parts have been 
successfully developed. Insert moulding using PE and PTFE inserts, and in-mould 
layer application have all produced plastic parts with a working EL structure over a 
3D curved surface; some dimensional limitations have also been identified. There is 
some variation in surface finish and uniformity of illumination across the range of 
processes so the next important stage is to characterise parts produced using these 
novel processes and compared them to parts made using current technology and 
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bought EL devices. The post mould layer application method will also be included in 
the comparison, because if this gives comparable results to in-mould methods it 
offers another option of producing 3D EL devices by adding electroluminescent 
capabilities to existing moulded plastic parts. 
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9 CHARACTERISATION EXPERIMENTS 
The research for the development of novel methods of injection moulding EL 
devices has been completed and the next stage is to determine how effective, 
reliable and robust the manufactured parts are. This will be done by characterising 
the brightness of manufactured parts and by observing the effect different 
conditions have on their effectiveness as a lamp. Individual layer thicknesses within 
each device will also be measured to give an indication of the reliability of the layer 
application process. 
To determine if the processes developed in this project are reliable and repeatable 
characterisation of devices made in-house (using both traditional and novel 
techniques) and a commercially available EL device were carried out and compared. 
The degradation investigation carried out will quantify how the EL lamps made 
using the modified materials and the airbrush are affected by different humidity 
conditions and different encapsulating options; the investigation will observe and 
measure the degradation of the light level emitted over time. 
9.1 Device Characterisation 
Characterisation of the devices produced using the novel injection moulded 
methods, and other methods developed, is required for a number of reasons. The 
characterisation of a number of different devices made using the same method 
gives an indication of how repeatable the process is and how consistent each part 
is. A bought device was purchased and 5 devices were made using each of the 
different methods used in this project: 
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 Traditional thick film method (as described in section 7.2) 
 Basic Airbrush method (as described in section 7.3) 
 PE Insert moulded (as described in section 8.3.2.1) 
 PTFE Insert moulded (as described in section 8.3.2.2) 
 In-mould application (as described in section 8.3.1) 
 Post mould layer application (as described in section 8.4) 
Information regarding the manufacturing technique and materials used in the 
bought device were unavailable. 
Although one of the objectives of this project was to produce a 3D contoured EL 
surface, the characterised moulded parts were made on a flat surface to ensure a 
fair comparison to the flat bought, basic airbrush and thick film devices. 
The devices were characterised with regards to the brightness of the light emitted 
by them and the thickness of individual layers. 
9.1.1  Illuminance 
Since the predominant feature of the injection moulded parts is to light up, it is 
evident that quantifying the intensity of the light is essential in the analysis of the 
parts made during the project. 
The standard method for characterising light emitting devices are current-voltage-
luminance (IVL) measurements; for a range of voltages applied to the device, the 
current flowing through it and the light emitted from it are measured [35]. Current 
density is also often calculated from the current. The Oxford dictionary defines 
luminance as “the intensity of light emitted from a surface per unit area in a given 
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direction” [154] and it is measured in candela per square metre (cd/m2). These 
measurements are carried out using specialised equipment such as the SEA IVL Test 
Platform [155]. 
Since this equipment was not available to the author but a light meter (measuring 
lux) was, a compromise was made. The quantity measured in the unit lux is 
illuminance, this is defined as “the amount of luminous flux per unit area” [156], so 
the illuminance of each device was measured along with the voltage and frequency 
applied. Illuminance was being measured as an indication of the brightness of the 
light emitted from the manufactured parts and although it is not the standard 
characterisation method it will enable direct comparison of the parts made using 
different methods. 
A battery and inverter were also used to determine if the novel illuminating devices 
could be portable. 
9.1.1.1 Equipment  
In order to illuminate the manufactured parts an AC supply was constructed with 
variable frequency and voltage (RMS) outputs. The frequency of the alternating 
current could be varied between 100 and 400 Hz and the RMS voltage driving the 
current could be set to any value between 100 and 300 V. These operating values 
were taken from the HC Starck processing guide [148] used with the initial material 
system. The power supply unit has analogue dials to change each value so a 
handheld oscilloscope was used to measure the frequency and voltage accurately.  
A light meter was used to measure the illuminance (in lux) of each device; the light 
meter was cradled in a holder (made in house) whilst characterising the samples. 
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The holder kept the detector at the same distance above each sample and ensured 
the samples were positioned correctly underneath it. 
During testing, the sample and light meter were housed within a black-out box to 
prevent any external light from invalidating the test.  
9.1.1.2 Method 
An experiment was designed to determine the effect that two variables have on the 
illuminance of the part; the RMS voltage (V) and the frequency of oscillation (F) of 
the AC supply.  
 V: 0 = 100 V, 1 = 300 V 
 F: 0 = 100 Hz, 1 = 400 Hz 
Two variable with 2 levels results in an experiment with 4 trials; 5 repetitions were 
done for each trial. Each reading was taken 1 minute after illumination; this was 
because the intensity of light given out increased in the time immediately after 
illumination, but soon levelled out. 
9.1.2 Layer Thickness 
The different EL devices made in house, and the bought device, were analysed to 
measure the thickness of the layers within the multi-layer electroluminescent 
structure; 5 devices made by each method were measured in 5 different positions 
on every device. The measurement positions were equally spaced across the 
device, with one in the centre. The centre position was nearest the sprue and was 
the position where the EL layers would experience the greatest shear during 
injection, 2 further measurements were taken radially out in opposite directions 
orientated with the polymer flow. This analysis enabled a comparison of the layer 
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thicknesses produced by each method, and by measuring the layer thicknesses in 
different positions on individual devices, the uniformity of layer thickness across a 
single part and consistency of layer thickness when repeating a method were all 
determined from the data.  
The layer thicknesses was measured using an optical microscope; each layer 
material is a different colour so an optical microscope was sufficient to determine 
the interface between two layers and measure the thicknesses 
9.1.2.1 Equipment 
The equipment that was used to section the samples was a Buehler IsoMet 5000 
saw fitted with a 30HC diamond edge blade (Figure 9-1 left); some samples first 
required an acrylic SamplKwick encapsulating layer. A set of balances, a fume 
cupboard, mixing cups, stirring sticks, silicon release liquid and 30mm diameter 
mounting cups were used to prepare the mounting material. EpoHeat epoxy resin 
was the material used to mount the samples which was cured in a Buehler heating 
oven. Grinding was carried out on a Buehler Phoenix 4000 sample preparation 
system (Figure 9-1 right) using silicon carbide papers and diamond slurry on a 
Trident polishing cloth. 
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Figure 9-1: The saw and polisher used in this project. 
 
A Zeiss AxioLab A1 microscope was later used to observe the samples and measure 
the individual layer thicknesses. 
9.1.2.2 Method 
The following method was used to section, mount and polish sample from each of 
the EL devices: 
 Firstly, some devices required the application of an encapsulating material 
to protect the EL layers: 
o The following steps took place in a fume cupboard, 
o A small quantity of SamplKwick acrylic was mixed (approximately 2:1 
mix of powder to liquid hardener) in a disposable mixing cup and 
stirred with a wooden stirring stick for 10-20 seconds, 
o The mixed acrylic was poured over Post Mould, In-mould and PE 
insert moulded parts (these parts had the most delicate PEDOT:PSS 
50cm 50cm 
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layer and required protecting before cutting), the acrylic was spread 
across the EL device and this was done in batches. 
o 15 minutes was allowed for the acrylic to cure. 
 Each of the devices was then sectioned: 
o The sample was clamped into the IsoMet 5000, 
o The blade speed was set at 4000rpm and the feed speed to around 
6mm/min. 
o A sample was cut approximately 2cm x 1cm from the centre of the EL 
devices. 
 The sectioned pieces were then mounted: 
o Each section needed to be positioned with the surface of interest 
facing down, this was done using a stainless steel SamplKlip, 
o Each section was placed into a 30mm diameter SamplKup which had 
been coated with silicon mould release, 
o  The epoxy resin was then prepared to fill the cups, this was carried 
out in batches of 4 samples and within a fume cupboard, 
o 60g of resin and 15g of hardener were measured into a disposable 
mixing cup, the cup was then tilted and a slowly stirred using a 
wooden stick in a folding motion to combine the two components 
together. Stirring was complete when any streakiness disappeared, 
o The epoxy was then carefully poured into each cup, tapping the cup 
against the work surface to remove any air pockets, 
o A label was placed on the top of the epoxy and the mounted samples 
were placed in an oven at 50C for 3 hours. 
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 When every sample was mounted and removed from the cups, they were 
ground and polished: 
o The following settings were applied on the grinder: 
 Single force set at 12N, 
 Complimentary rotation, 
 Rotation speed of 200rpm, 
 Cycle time of 1 minute, 
 Water on. 
o A P320 silicon carbide paper was applied to the metal plate, taking 
care to avoid trapping any air bubbles, and then placed on the 
platen, 
o Water was squirted over the surface of the grinding paper, 
o The arm was swung over the paper and the head lowered, 
o 6 samples were placed in the head and a cycle started, 
o This was repeated with all samples and followed with P600 and 
P1200 papers, 
o After each stage the samples were sprayed with detergent and 
rinsed with clean water, 
o the following settings on the polisher were then changed: 
 Contra-rotating, 
 Cycle time of 3 minutes 30 seconds, 
 Water off. 
o A Trident polishing cloth was applied to the platen, and 3μm 
diamond slurry was squirted onto the cloth, 
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o A cycle was run, adding more slurry during the cycle, 
o After polishing, each sample was sprayed with detergent, rinsed with 
clean water, sprayed with IPA and then the surface was blasted with 
hot air. 
After preparing the samples, each was viewed under a Zeiss AxioLab A1 
microscope; AxioVision 4.8 software was used to measure the thickness of the 
layers observed on screen. 
9.2 Degradation Investigation 
Comparing the intensity of the light emitted by the different devices is important 
but it is also necessary to determine how the long term performance of the devices 
is affected by modifying the materials applied using an airbrush.  
Electroluminescent devices (particularly the conductive polymers that form the 
transparent electrode) are prone to degradation caused predominantly by 
humidity. A short experiment was carried out to indicate if dilution of the EL 
materials had any negative impact on the lifetime of the EL devices. Six near 
identical devices were kept in different humidity conditions, and their performance 
monitored over a 10 week period. The different conditions were: 
 Low Humidity (no encapsulation) 
 Atmospheric Humidity (no encapsulation) 
 Atmospheric Humidity (PVC encapsulated) 
 Atmospheric Humidity (PU encapsulated) 
 Atmospheric Humidity (Coverlay encapsulated) 
 High Humidity (no encapsulation) 
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These tests were carried out using both unmodified and modified materials; 6 thick 
film devices using the materials as pastes were monitored along with 6 airbrushed 
devices using materials diluted with MEK solvent. By comparing the two sets of 
results, it could be determined whether the loss in light emission is due to the 
solvent dilution or an inherent behaviour of the EL materials. 
9.2.1.1 Equipment 
The devices were made using equipment used for the thick film layer application 
method as described in section 7.2.3 and the airbrush method as described in 
section 7.3.2. 
In each set of 6 devices, in addition to the standard equipment and layer materials, 
the following items were required: a UV curing clear Coverlay and UV lamp, some 
PVC self-adhesive film and an air drying PU spray, also 2 airtight containers, silica 
gel crystals, distilled water and absorbent material. 
The illuminance of the devices were measured using the same equipment as 
described in section 9.1.1.2; an AC power supply, a blackout box and a light meter 
(positioned in a holder at a set distance from the part), a hand held oscilloscope 
was used to verify the operating V and F. A humidity meter was used to measure 
the humidity of each of the environmental conditions. 
9.2.1.2 Method 
The degradation test was designed to measure the decrease in the level of light 
emitted by EL devices over a ten week period. Devices were made using both 
modified and unmodified materials and the test was carried out as follows: 
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 Twelve devices were made on 3mm thick PC plaques, six using the basic 
airbrush method and six using the thick film method Each device had an 
illuminated area of 16 cm2 (4 cm x 4 cm), 
 The illuminance of each device was measured 1 minute after connection to 
a 300 V, 400 Hz AC supply, 
 For each set of six samples, different storage conditions were tested: 
o Low Humidity (samples were kept in a sealed container with Silica gel 
crystals), 
o High Humidity (samples were kept in a sealed container with 
absorbent material soaked in water), the samples were dried of 
condensation before testing, 
o Environmental conditions (samples were are kept on the lab bench 
with no encapsulation layer), 
o PVC encapsulated (devices were covered with a film of self-adhesive 
PVC film), 
o Coverlay encapsulated (devices were sprayed with Coverlay, this is 
cured using 3 x 1 minute exposures under a UV lamp), 
o PU encapsulated (devices were sprayed with PU which was air dried 
for 10 minutes), 
 Each week the samples were tested, illuminance was measured at 300 V and 
400 Hz, 1 minute after connection, 
 The test was repeated for weeks 1 to 10. 
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10 RESULTS 
10.1 Device Characterisation 
In order to compare the electroluminescent devices, each needed to be 
characterised. Both the illuminance and the thickness of the layers applied using 
each method were measured, the results follow 
10.1.1 Illuminance 
The illuminance of each different device was measured; the variables investigated 
were the frequency and voltage of the AC electrical supply. Table 10-1 shows the 
experimental design and Table 10-2 to Table 10-8 shows the results. For each trial 
and repetition, the illuminance was measured in lux and the recorded value was 
taken one minute after illumination. Each device had an illuminated area of 16cm2 
(4cm x 4cm). 
Table 10-1: The variables used in each trial. 
 
 
Variables 
 F V 
 frequency voltage 
Tr
ia
l 
1  400  300 
2  100  300 
3  400  100 
4  100  100 
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Table 10-2: The illuminance results for the bought EL device. 
   
Bought Device Illuminance 
(lx) 
Tr
ia
l 
1 
i 492 
ii 452 
iii 457 
iv 476 
v 459 
2 
i 135 
ii 132 
iii 134 
iv 129 
v 131 
3 
i 116 
ii 112 
iii 109 
iv 112 
v 107 
4 
i 34 
ii 35 
iii 35 
iv 33 
v 32 
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Table 10-3: The illuminance results for devices made using the thick layer method. 
   Thick Layer Device Illuminance (lx) 
   A B C D E 
Tr
ia
l 
1 
i 158 171 185 160 190 
ii 155 163 179 158 189 
iii 152 170 170 155 185 
iv 159 166 176 153 193 
v 154 172 173 156 182 
2 
i 58 61 60 50 62 
ii 52 62 58 49 58 
iii 60 58 58 51 61 
iv 57 58 57 50 59 
v 59 56 61 48 60 
3 
i 13 20 24 20 21 
ii 14 19 25 19 20 
iii 11 18 23 17 19 
iv 12 18 23 17 23 
v 13 21 22 18 22 
4 
i 5 8 9 7 8 
ii 5 7 9 7 7 
iii 5 7 9 7 9 
iv 6 7 10 6 9 
v 5 8 9 7 8 
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Table 10-4: The illuminance results for the devices made using the airbrush method. 
   Airbrush Device Illuminance (lx) 
   A B C D E* 
Tr
ia
l 
1 
i 293 302 324 231  
ii 277 310 320 225  
iii 280 305 328 235  
iv 287 312 336 236  
v 284 308 317 248  
2 
i 73 90 85 72  
ii 78 80 90 75  
iii 75 84 89 76  
iv 76 81 84 79  
v 79 85 89 76  
3 
i 61 64 68 79  
ii 59 62 70 75  
iii 63 65 68 78  
iv 60 59 67 76  
v 58 62 68 75  
4 
i 23 21 24 24 21 
ii 20 20 21 23  
iii 19 20 24 23  
iv 20 21 23 24  
v 20 20 22 23  
*Sample E failed after one trial 4 test 
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Table 10-5: The illuminance results for devices made using the PE insert moulding method. 
   PE Insert Moulded Device Illuminance (lx) 
   A* B C D** E 
Tr
ia
l 
1 
i  159 102 85 145 
ii  160 99  140 
iii  165 102  144 
iv  161 100  151 
v  163 97  149 
2 
i  72 44  60 
ii  71 41  61 
iii  67 42  58 
iv  75 38  62 
v  71 37  62 
3 
i  48 31 28 43 
ii  47 28 24 46 
iii  53 31  42 
iv  51 29  39 
v  50 29  45 
4 
i  16 9 10 14 
ii  17 8 9 14 
iii  15 10  14 
iv  15 12  15 
v  16 10  14 
*Sample A failed to illuminate 
**Sample D failed after 5 tests 
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Table 10-6: The illuminance results for devices made using the PTFE insert moulding method. 
   PTFE Insert Moulded Device Illuminance (lx) 
   A B C D E 
Tr
ia
l 
1 
i 236 248 148 204 187 
ii 251 258 153 205 192 
iii 240 260 147 210 200 
iv 255 251 151 211 195 
v 250 256 148 208 191 
2 
i 73 71 43 65 58 
ii 76 74 44 62 58 
iii 74 75 39 62 65 
iv 78 75 43 64 58 
v 74 70 46 65 61 
3 
i 52 56 44 50 58 
ii 56 58 45 55 56 
iii 53 59 48 46 58 
iv 55 57 48 52 53 
v 56 62 52 50 56 
4 
i 16 17 14 15 17 
ii 17 17 15 15 18 
iii 16 17 14 15 16 
iv 16 19 13 15 16 
v 18 17 13 16 16 
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Table 10-7: The illuminance results for devices made using the in-mould layer application method. 
   In-Mould Device Illuminance (lx) 
   A* B C D** E 
Tr
ia
l 
1 
i  38 35  61 
ii      
iii      
iv      
v      
2 
i  15   30 
ii  14    
iii  20    
iv      
v      
3 
i  8 8  16 
ii  10   18 
iii      
iv      
v      
4 
i  6 5  10 
ii  4   12 
iii  7    
iv      
v      
All working samples failed during trial 1 
*Only a partial area of sample A illuminated so it would not be a fair comparison to 
other 
**Sample D failed to illuminate 
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Table 10-8: The illuminance results for devices made using the post mould layer application method. 
   Post Mould Device Illuminance (lx) 
   A B C D E 
Tr
ia
l 
1 
i 71 121 143 192 82 
ii 68 116 139 185 74 
iii 70 113 138 194 78 
iv 66 114 143 198 82 
v 70 111 142 191 77 
2 
i 26 37 43 55 22 
ii 23 33 43 55 23 
iii 21 32 37 49 19 
iv 20 32 41 47 21 
v 20 33 40 54 20 
3 
i 23 35 43 50 22 
ii 21 36 38 58 23 
iii 24 35 40 56 21 
iv 24 35 37 57 22 
v 22 31 39 55 21 
4 
i 7 11 14 16 7 
ii 8 10 14 18 7 
iii 7 11 14 19 7 
iv 8 11 13 17 7 
v 7 11 12 16 7 
  
10.1.2 Layer Thickness 
Each of the devices that had its illuminance characterised also had its layer 
thicknesses measured at 5 different positions. The 30 devices made in-house (5 
samples made using each of the 6 methods), as well as the bought device, were 
cross-sectioned and observed under a high powered microscope; the layer 
thicknesses were measured using the microscope software. The results are shown 
in Table 10-9 to Table 10-37. 
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10.1.2.1 Bought Device 
Table 10-9: The layer thickness measurements for the bought EL device. 
Bought Device 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Rear 
Electrode 
10.78 10.05 11.51 10.49 11.72 
Dielectric 40.90 20.08 40.06 36.91 41.23 
Phosphor 18.61 41.49 18.01 21.85 15.68 
Transparent 
Electrode 
2.95 2.81 3.54 2.51 4.41 
 
10.1.2.2 Thick Layer Devices on 3mm PC Sheet 
Table 10-10: The layer thickness measurements for thick layer device A. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 50.44 43.84 42.00 40.88 42.75 
Dielectric 41.63 49.69 54.12 46.76 46.39 
Phosphor 93.95 93.49 97.95 120.42 106.77 
Transparent 
Electrode 
3.33 5.15 5.52 4.05 4.80 
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Table 10-11: The layer thickness measurements for thick layer device B. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 66.67 73.65 68.48 70.31 65.38 
Dielectric 73.32 56.32 60.37 61.52 61.24 
Phosphor 57.83 70.36 79.88 102.70 130.30 
Transparent 
Electrode 
5.17 6.63 5.52 6.27 7.76 
 
Table 10-12: The layer thickness measurements for thick layer device C. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 58.27 64.78 63.68 69.20 63.70 
Dielectric 30.57 30.55 29.83 28.00 30.94 
Phosphor 36.16 48.22 72.52 32.52 62.94 
Transparent 
Electrode 
3.68 4.05 6.63 4.05 7.00 
 
Table 10-13: The layer thickness measurements for thick layer device D. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 64.39 61.95 64.35 67.00 64.82 
Dielectric 38.49 33.59 41.06 52.3 42.04 
Phosphor 98.35 79.18 58.66 104.57 61.18 
Transparent 
Electrode 
4.79 5.17 5.15 6.26 5.90 
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Table 10-14: The layer thickness measurements for thick layer device E. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 64.42 68.51 72.51 67.00 64.82 
Dielectric 62.21 65.73 48.61 59.63 66.32 
Phosphor 52.31 39.03 38.28 29.10 104.66 
Transparent 
Electrode 
8.47 8.83 8.10 8.47 5.90 
 
10.1.2.3 Airbrush Layer Devices on 3mm PC Sheet 
Table 10-15: The layer thickness measurements for airbrush device A. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 13.93 20.15 17.19 15.67 14.01 
Dielectric 26.87 33.22 31.96 27.79 23.97 
Phosphor 26.43 51.32 39.80 28.51 24.76 
Transparent 
Electrode 
3.39 4.07 3.75 5.53 5.99 
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Table 10-16: The layer thickness measurements for airbrush device B. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 8.10 22.11 14.76 10.37 11.87 
Dielectric 15.46 17.67 13.62 16.57 15.31 
Phosphor 26.88 30.95 55.29 28.38 40.36 
Transparent 
Electrode 
5.15 6.27 4.72 7.74 5.21 
 
Table 10-17: The layer thickness measurements for airbrush device C. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 16.58 18.07 16.95 20.64 15.84 
Dielectric 17.30 24.69 28.00 33.57 18.07 
Phosphor 36.82 25.79 32.41 39.04 50.83 
Transparent 
Electrode 
4.79 2.21 2.60 2.97 4.43 
 
Table 10-18: The layer thickness measurements for airbrush device D. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 12.88 10.67 15.46 19.15 10.31 
Dielectric 13.70 16.20 16.93 17.68 18.79 
Phosphor 26.14 27.97 24.67 15.11 24.67 
Transparent 
Electrode 
5.52 4.42 6.63 5.53 5.15 
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Table 10-19: The layer thickness measurements for airbrush device E. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 12.15 14.37 11.42 15.67 12.89 
Dielectric 20.84 27.25 20.66 23.87 16.97 
Phosphor 37.5 35.71 20.62 15.84 25.13 
Transparent 
Electrode 
6.26 5.89 7.03 6.26 7.00 
 
10.1.2.4 PE Insert Moulded 
N.B. There are no layer thickness measurements for sample A because it was 
damaged during the cutting and mounting process. 
Table 10-20: The layer thickness measurements for PE insert moulded device B. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 9.71 10.83 11.94 11.75 9.49 
Dielectric 19.85 23.08 24.39 23.09 21.96 
Phosphor 23.15 19.63 15.80 19.58 20.86 
Transparent 
Electrode 
2.99 2.23 2.67 2.51 3.11 
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Table 10-21: The layer thickness measurements for PE insert moulded device C. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 13.35 8.43 9.32 7.83 14.38 
Dielectric 22.67 23.54 21.30 25.41 22.97 
Phosphor 19.08 8.14 17.61 11.67 18.04 
Transparent 
Electrode 
2.53 3.28 2.38 3.10 2.53 
 
Table 10-22: The layer thickness measurements for PE insert moulded device D. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 10.45 11.61 11.82 8.34 12.67 
Dielectric 22.67 23.54 25.20 28.49 31.09 
Phosphor 17.48 24.82 19.66 18.02 16.17 
Transparent 
Electrode 
2.64 2.89 2.13 3.42 2.60 
 
Table 10-23: The layer thickness measurements for PE insert moulded device E. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 12.41 22.01 20.27 17.59 9.88 
Dielectric 28.16 28.25 20.70 29.51 32.55 
Phosphor 28.81 14.56 20.18 17.14 14.61 
Transparent 
Electrode 
2.67 4.29 2.87 2.55 2.23 
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10.1.2.5 PTFE Insert Moulded 
Table 10-24: The layer thickness measurements for PTFE insert moulded device A. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 9.01 18.62 11.37 17.15 14.91 
Dielectric 24.36 25.57 39.27 27.14 20.08 
Phosphor 32.33 33.22 12.55 29.55 36.46 
Transparent 
Electrode 
1.77 3.85 1.48 1.77 1.62 
 
Table 10-25: The layer thickness measurements for PTFE insert moulded device B. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 10.48 12.40 14.78 13.88 8.71 
Dielectric 19.34 15.06 20.37 25.25 18.04 
Phosphor 37.35 49.9 45.32 42.96 49.30 
Transparent 
Electrode 
1.92 1.62 2.22 3.55 2.66 
 
Table 10-26: The layer thickness measurements for PTFE insert moulded device C. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 11.36 10.92 9.53 8.66 14.85 
Dielectric 14.83 16.13 17.40 18.67 14.98 
Phosphor 16.04 18.37 14.71 23.54 23.61 
Transparent 
Electrode 
2.55 1.80 1.04 2.02 2.07 
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Table 10-27: The layer thickness measurements for PTFE insert moulded device D. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 10.19 10.20 10.33 11.81 11.51 
Dielectric 16.24 22.89 18.01 18.90 23.18 
Phosphor 46.50 44.29 41.04 42.22 40.30 
Transparent 
Electrode 
1.18 1.33 1.48 1.63 1.77 
 
Table 10-28: The layer thickness measurements for PTFE insert moulded device E. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 11.52 6.50 11.22 8.41 11.41 
Dielectric 24.97 30.04 28.64 30.90 25.50 
Phosphor 25.24 27.03 25.99 25.56 26.96 
Transparent 
Electrode 
1.62 2.36 1.78 1.81 2.07 
 
10.1.2.6 In-Mould Layer Application 
N.B. There are no layer thickness measurements for sample A because it was 
damaged during the cutting and mounting process. 
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Table 10-29: The layer thickness measurements for in-mould layer application device B. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 20.63 17.84 15.48 10.51 18.89 
Dielectric 18.47 13.07 22.15 24.23 19.80 
Phosphor 32.54 35.92 29.81 31.48 33.2 
Transparent 
Electrode 
8.26 4.49 5.8 5.16 6.65 
 
Table 10-30: The layer thickness measurements for in-mould layer application device C. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver*      
Dielectric 13.93 21.68 11.96 17.45 15.06 
Phosphor 30.90 27.72 35.14 31.05 36.31 
Transparent 
Electrode 
11.38 9.70 7.84 5.17 6.68 
*The silver layer was not visible under the microscope. 
Table 10-31: The layer thickness measurements for in-mould layer application device D. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 12.57     
Dielectric 13.03     
Phosphor 36.58     
Transparent 
Electrode 
3.1     
The multi-layer structure was too disrupted to determine individual layer 
thicknesses apart from at one location. 
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Table 10-32: The layer thickness measurements for in-mould layer application device E. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 14.01 29.22 6.21 19.00 15.53 
Dielectric 27.91 24.44 31.06 17.12 17.28 
Phosphor 17.69 20.56 23.94 57.13 44.00 
Transparent 
Electrode 
5.19 5.76 5.76 6.79 5.76 
 
10.1.2.7 Post mould Layer Application 
Table 10-33: The layer thickness measurements for post mould layer application device A. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 7.97 8.56 10.20 7.39 10.04 
Dielectric 10.63 18.16 5.62 13.73 15.21 
Phosphor 9.01 6.64 10.04 4.87 4.89 
Transparent 
Electrode 
4.73 3.54 3.25 3.55 4.28 
 
Table 10-34: The layer thickness measurements for post mould layer application device B. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 16.07 19.25 16.28 20.08 18.17 
Dielectric 9.47 11.44 9.80 9.02 10.05 
Phosphor 7.85 7.47 16.69 8.27 8.42 
Transparent 
Electrode 
2.55 2.90 2.43 3.69 3.04 
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Table 10-35: The layer thickness measurements for post mould layer application device C. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 14.33 16.04 11.52 11.37 14.48 
Dielectric 17.58 15.65 15.94 19.23 18.19 
Phosphor 12.40 21.70 20.24 18.31 12.26 
Transparent 
Electrode 
3.10 3.55 3.84 3.69 3.10 
 
Table 10-36: The layer thickness measurements for post mould layer application device D. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 10.49 11.25 18.96 13.29 19.63 
Dielectric 13.91 15.12 12.59 12.58 17.07 
Phosphor 20.69 7.68 15.68 13.61 12.18 
Transparent 
Electrode 
1.48 2.53 2.21 2.07 2.38 
 
Table 10-37: The layer thickness measurements for post mould layer application device E. 
Layer 
Material 
Thickness (μm) 
i ii iii iv v 
Silver 14.36 15.09 12.89 14.73 15.83 
Dielectric 16.56 16.95 19.15 13.30 12.60 
Phosphor 9.94 16.20 9.94 29.73 13.62 
Transparent 
Electrode 
4.76 2.94 6.99 6.63 5.15 
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10.2 Degradation Test 
The degradation test measured the illuminance of 2 sets of 6 devices; one thick film 
set made using the EL materials as they were supplied and one set made using an 
airbrush applying modified materials. The samples within each set were produced 
at the same time then kept in 6 different conditions over 10 weeks; the illuminance 
was measured in lux at 300 V and 400 Hz, 1 min after illumination. The results are 
shown in Table 10-38 and Table 10-39. 
Table 10-38: The degradation test results for the thick film devices. 
   
 
Illuminance of Thick Film Samples (lx) 
   A B C D E F 
  
 
Low 
Humidity 
High 
Humidity 
Atmosph-
eric 
PVC Film 
Encapsula
-ted 
Coverlay 
Encapsula
-ted 
Polyuretha
-ne 
Encapsulat
-ed 
W
ee
k 
0 
i 228 282 252 247 208 223 
ii 236 288 256 242 211 224 
iii 222 293 255 237 210 219 
iv 218 291 259 236 205 222 
v 220 287 250 240 202 214 
1 
i 94 0 121 200 162 111 
ii 98 0 116 196 165 108 
iii 103 0 120 198 163 109 
iv 95 0 116 193 162 111 
v 100 0 125 201 162 110 
2 
i 91 0 111 188 147 100 
ii 90 0 112 192 154 98 
iii 89 0 105 186 146 92 
iv 92 0 112 196 152 102 
v 92 0 117 198 150 105 
3 
i 83 0 115 186 148 94 
ii 88 0 117 191 150 96 
Results 
 
Beth Middleton  213 
iii 88 0 114 190 149 97 
iv 90 0 116 188 151 96 
v 87 0 114 189 148 98 
4 
i 87 0 108 187 146 88 
ii 93 0 109 185 145 90 
iii 85 0 111 184 146 91 
iv 85 0 112 184 143 84 
v 82 0 112 188 144 92 
5 
i 85 0 110 184 147 86 
ii 85 0 113 185 143 87 
iii 87 0 108 181 139 89 
iv 86 0 109 182 141 85 
v 87 0 111 182 142 87 
6 
i 87 0 105 180 139 85 
ii 84 0 111 181 142 86 
iii 85 0 108 181 140 85 
iv 85 0 109 185 143 84 
v 86 0 106 182 138 87 
7 
i 86 0 104 178 136 84 
ii 83 0 98 180 138 85 
iii 85 0 110 184 138 87 
iv 88 0 107 180 140 83 
v 87 0 103 179 137 86 
8 
i 88 0 105 182 138 82 
ii 85 0 108 184 138 84 
iii 87 0 100 183 140 85 
iv 89 0 106 183 138 83 
v 86 0 107 178 137 82 
9 
i 85 0 100 180 135 83 
ii 84 0 104 178 135 82 
iii 85 0 101 181 138 85 
iv 83 0 105 180 139 83 
v 87 0 104 183 136 82 
1 i 84 0 104 181 133 84 
Results 
 
Beth Middleton  214 
0 ii 86 0 103 179 137 81 
iii 83 0 101 178 134 82 
 
iv 83 0 99 181 135 83 
v 84 0 102 177 135 82 
 
Table 10-39: The degradation test results for the airbrushed devices. 
   
 
Illuminance of Airbrushed Samples (lx) 
   A B C D E F 
  
 
Low 
Humidity 
High 
Humidity 
Atmosph
e-ric 
PVC Film 
Encapsula
-ted 
Coverlay 
Encapsula
-ted 
Polyuretha
-ne 
Encapsulat
-ed 
W
ee
k 
0 
i 621 620 698 652 630 796 
ii 625 618 663 669 666 840 
iii 648 625 703 700 664 837 
iv 635 622 692 681 650 790 
v 628 623 685 670 656 822 
1 
i 434 14 496 532 576 564 
ii 440 15 533 535 596 529 
iii 441 17 492 501 593 551 
iv 440 15 500 530 582 545 
v 435 16 511 515 591 550 
2 
i 418 2 493 498 578 519 
ii 429 2 502 501 551 545 
iii 423 2 499 488 566 531 
iv 420 2 495 491 559 541 
v 425 2 499 500 570 525 
3 
i 418 1 496 488 563 528 
ii 430 1 500 458 553 518 
iii 413 1 501 464 549 520 
iv 419 1 500 471 561 516 
v 422 1 498 470 550 530 
4 i 409 1 500 468 560 525 
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ii 402 1 496 447 537 540 
iii 394 1 489 456 545 520 
iv 405 1 499 450 550 532 
v 401 1 493 462 542 524 
5 
i 400 1 498 442 519 502 
ii 385 1 479 455 542 535 
iii 396 1 484 451 522 507 
iv 395 1 481 445 528 518 
v 394 1 493 453 529 509 
6 
i 380 1 496 432 495 485 
ii 382 1 484 447 506 501 
iii 373 1 489 438 508 502 
iv 383 1 491 434 508 500 
v 374 1 492 445 500 491 
7 
i 381 1 492 435 513 499 
ii 370 1 488 439 524 494 
iii 375 1 487 442 515 493 
iv 380 1 488 445 513 498 
v 371 1 490 436 522 491 
8 
i 379 1 495 433 520 496 
ii 368 1 481 440 522 502 
iii 379 1 472 439 497 488 
iv 377 1 480 435 518 491 
v 372 1 485 439 510 499 
9 
i 380 1 465 439 510 487 
ii 363 1 476 422 506 468 
iii 363 1 470 433 504 485 
iv 368 1 474 429 505 482 
v 370 1 467 433 508 476 
1
0 
i 364 1 463 435 508 485 
ii 366 1 469 436 499 498 
iii 359 1 457 438 507 499 
 
iv 363 1 461 435 501 490 
v 365 1 466 434 510 496 
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The humidity of the three different environments that the unencapsulated devices 
were kept in, were measured, these are shown in the Table 10-40. 
Table 10-40: The humidity measurements for the environments in which the unencapsulated devices were 
kept. 
 Conditions 
 High Humidity (%) Atmospheric (%) Low Humidity (%) 
i 100 (saturation) 41.8 32.1 
ii 100 (saturation) 44.2 31.3 
iii 100 (saturation) 46.7 30.9 
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11 ANALYSIS 
This chapter mathematically analyses the data obtained to characterise individual 
devices, groups of devices and the degradation tests carried out on both modified 
and unmodified materials. This analysis, along with qualitative considerations will 
be used in chapter 13 to evaluate the best method of producing injection moulded 
3D electroluminescent devices. 
11.1 Device Characterisation 
Individual devices were characterised by the intensity of the light emitted by them 
and by the thickness of the layers produced using that method. The analysis that 
follows includes a comparison of parts made using the same method and parts 
made using different methods.  
11.1.1 Illuminance 
The illuminance of each device was measured in lux by a light meter. Two 
parameters that affect the illuminance were investigated; the RMS voltage and 
frequency of the AC power supply. The four different operating conditions tested 
are shown in Table 11-1; each trial was carried out five times. 
Table 11-1: The operating conditions under which each part was tested. 
 
 
Variables 
 F V 
 Frequency (Hz) Voltage (V) 
Tr
ia
l 
1  400  300 
2  100  300 
3  400  100 
4  100  100 
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11.1.1.1 Bought Device 
One EL lamp was bought and tested under the same conditions as the devices made 
in-house. Since only one device was bought there are only one set of results in this 
group. The illuminated device can be seen in Figure 11-1. 
 
Figure 11-1: The bought device, illuminated. 
The bought device had very uniform illumination across the surface and was the 
brightest device tested; with an average illuminance (on the highest V and F 
settings) of over 467 lx (see Table 11-2). This is not completely unexpected as the 
performance of the commercially available device would be optimised in the design 
stage and it would have been manufactured by an automated process which would 
more reliable than hand manufacture. The bought device also had small standard 
deviations (except for trial 1) indicating a small variation in the illuminance when 
tested, meaning that device emits a consistent level of light when operated at a 
particular frequency and voltage. 
 
 
40mm 
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Table 11-2: Average illuminance results and standard deviation of the bought device. 
  
Illuminance (lx)  
 
Parameter 
av SD av-SD av+SD RSD (%) 
Trial F V 
1   467.2 16.54 450.7 483.7 3.54 
2   132.2 2.387 129.8 134.6 1.81 
3   111.2 3.421 107.8 114.6 3.08 
4   33.80 1.303 32.50 35.10 3.86 
 
Trial 1 has the highest mean value by far so it is expected that there would be a 
larger variation in the results and the highest standard deviation; to overcome this 
issue the relative standard deviation has been calculated. When looking at the 
relative standard deviation in Table 11-2, all of the trials have a small relative 
standard deviation (RSD) suggesting a there is little variation in the results. Since all 
of these results were gathered from one device it expected that the RSD would be 
small; any variation that has occurred may be due to human error, a slight 
difference in the positioning of the device under the light meter, a variation in the F 
and V settings or a difference in the time between illumination and when the 
measurement is taken. Overall, the device may be sensitive to small changes in the 
operating conditions. 
Table 11-3: The calculation of the main effects that the two parameters have on illuminance of the bought 
device. 
Main Effects (lx) 
Trial Variable F V av Effect 
1 3 
F 
 ± 289.2 
206.2 
2 4  ± 83.00 
1 2 
V 
±  299.7 
227.2 
3 4 ±  72.50 
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Looking at Table 11-3 and Figure 11-2, it can be seen that (over the parameter 
range tested in this project) a change in voltage has a greater effect (227.2 lx) on 
the illuminance than frequency (206.2 lx), although there is only a small difference. 
 
Figure 11-2: The main effects of frequency and voltage on the illuminance of the bought device. 
 
Figure 11-3: The interaction between voltage and frequency on the bought device. 
Figure 11-3 shows the interaction between voltage and frequency; since the lines 
are not parallel with each other it indicates that there is an interaction between 
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them. At higher frequencies, a change in voltage has a greater effect on the 
illuminance of the device; the reverse is also true. 
11.1.1.2 Thick Film Devices 
The thick film devices were made with the unmodified materials supplied by Electra 
Polymers and using a method similar to screen printing; an example of a thick film 
device is shown in Figure 11-4. The technical data sheet supplied by Electra 
Polymers states that when operated at 100 V and 400 Hz (trial 3), the phosphor 
should illuminate with a brightness of 300 lx (blue) and 400 lx (green) [152]. The 
phosphor used in these trials was blue-green so it should illuminate with a 
brightness somewhere in between those values. The illuminance achieved by these 
thick film devices was a fraction of the suggested value (56.92 lx at 100 V and 400 
Hz); this shows that perhaps they were not constructed to a high enough standard 
but they will still offer a good comparison to other devices. The bought device only 
achieved 111 lx under the trial 3 operating conditions so it could also suggest that 
the Electra Polymers brightness values may be a little optimistic. 
 
Figure 11-4: A thick film device, illuminated. 
40mm 
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From Table 11-4 it can be seen that the group of thick film devices have larger RSD 
than the bought device; the RSDs range from a reasonable 7.56 % to a fairly high 
20.47 %. Although these devices are made by hand, which would increase the 
variation in manufacture; there is a more important reason for the increase in RSD. 
Given that there was only one device in the “bought” group, and 5 devices in the 
other groups; it is reasonable to assume that there is going to be more variation in 
illuminance between different devices than the illuminance of one. 
Table 11-4: Average illuminance results and standard deviation of the group of thick film devices. 
  
Illuminance (lx)  
 
Parameter 
av SD av-SD av+SD RSD (%) 
Trial F V 
1   169.0 13.03 155.9 182.0 7.71 
2   56.92 4.300 52.62 61.22 7.56 
3   18.88 3.866 15.01 22.75 20.47 
4   7.360 1.469 5.891 8.829 19.95 
 
The separate averages, SDs and RSDs of individual thick film devices are shown in 
Table 11-5. By looking at group and individual statistics it can be seen if the 
variation in illuminance is across the group or within each device. 
Table 11-5: The averages, SDs and RSDs of individual thick film devices. 
 
Device A Device B Device C Device D Device E 
 av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) Trial 
1 155.6 2.88 1.85 168.4 3.78 2.25 176.6 5.77 3.27 156.4 2.70 1.73 187.8 4.32 2.30 
2 57.2 3.11 5.44 59.0 2.45 4.15 58.8 1.64 2.79 49.6 1.14 2.30 60.0 1.58 2.64 
3 12.6 1.14 9.05 19.2 1.30 6.79 23.4 1.14 4.87 18.2 1.30 7.16 21.0 1.58 7.53 
4 5.2 0.45 8.60 7.4 0.55 7.40 9.2 0.45 4.86 6.8 0.45 6.58 8.2 0.84 10.20 
 
The RSD values for individual devices are much smaller than the group values 
indicating that the variation is across the group. Some of the individual device RSDs 
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are comparable to those calculated for the bought device suggesting these devices 
also emit a consistent level of light but trials 3 and 4 have much higher values. This 
can be explained by the fact that the mean values for trials 3 and 4 are low, so even 
a small standard deviation represents a large percentage of the small mean. For 
example, Device A: Trial 4 has a standard deviation of just 0.45 lx, however with a 
mean of just 5.2 lx the RSD calculates to a moderate 8.6 %. Another factor affecting 
the SD of trials 3 and 4 is in the method of measurement. The light meter measured 
brightness in integer values, so a variation of one digit has a greater effect on the 
SD of a group of low value numbers than a group of high value numbers. 
The variation that occurs when lighting a single device was due to the same factors 
affecting the bought device. The one factor that would have an increased effect in 
the handmade devices is the position of the device under the light meter; there is 
slight variation in the brightness across the surface of the thick film lamp which 
could cause variation in the measurements. However, it can be assumed the 
variation that occurs between devices is due to inconsistencies in the 
manufacturing process since these were all made by hand. 
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Figure 11-5: The main effects of frequency and voltage on the illuminance of the thick film devices. 
  
Figure 11-6: The interactions between voltage and frequency on the thick film devices. 
 
Similarly to the bought device, voltage has a greater effect than frequency on the 
illuminance of the thick film devices, however to a greater degree (see Figure 11-5). 
Frequency has a 61.78 lx effect and voltage has a 99.82 lx effect; these were 
calculated using the same method as the bought device. Once again there is an 
interaction between voltage and frequency (see Figure 11-6); a change in voltage 
has a greater effect at high frequencies and vice versa.  
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11.1.1.3 Airbrush Devices 
The airbrush devices were made using the modified materials and example of one 
can be seen in Figure 11-7. Again in this analysis, the RSD of the group of materials 
and the individual devices are examined. 
 
Figure 11-7: An airbrush device, illuminated. 
From Table 11-6, it can be seen that the modified materials applied using an 
airbrush produced much brighter devices. At the highest operating conditions the 
airbrush devices are on average 70 % brighter than the thick film devices; but they 
still only emit light just over 60 % of the brightness of the bought device. 
Table 11-6: Average illuminance results and standard deviation of the group of airbrushed devices. 
  
Illuminance (lx) 
RSD 
(%)  
Parameter 
av SD av-SD av+SD 
Trial F V 
1   287.9 35.22 252.7 323.1 12.23 
2   80.80 5.845 74.95 86.65 7.23 
3   66.85 6.722 60.13 73.57 10.06 
4   21.71 1.678 20.03 23.39 7.73 
 
From Table 11-6, it can be seen that the RSDs of the airbrush trials (7-12 %) are 
generally lower than those of the thick film devices (7-20 %), indicating a lower 
40mm 
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variation across the group, which may mean it is a more consistent manufacturing 
method. 
Table 11-7: The averages, SDs and RSDs of the illuminance of individual airbrush devices; device E has been 
omitted since it failed after one test. 
 
Device A Device B Device C Device D 
 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) Trial 
1 284.2 6.22 2.19 307.4 3.97 1.29 325.0 7.42 2.28 235 8.46 3.60 
2 76.2 2.39 3.13 84.0 3.94 4.69 87.4 2.70 3.09 75.6 2.51 3.32 
3 60.2 1.92 3.20 62.4 2.30 3.69 68.2 1.10 1.61 76.6 1.82 2.37 
4 20.4 1.52 7.43 20.4 0.55 2.68 22.8 1.30 5.72 23.4 0.55 2.34 
 
Looking at the RSD values in Table 11-7, many are a similar magnitude to the 
bought device (up to 4 %) showing that these devices emit a fairly consistent light 
level when operated at certain power levels. As with the thick film method, any 
variation in the illuminance of individual devices is most likely due to the lack of 
uniformity in light emission across the surface and slight discrepancies in F and V 
measurements. The variation across the group is probably due to differences in 
layer application; although all devices were made using the airbrush, the material 
coverage was judged by eye and is therefore open to error. Since the insert 
moulded, in-mould and post mould devices are all based on the basic airbrush 
method it will be particularly useful to compare those results to this set. 
Once again the voltage had a greater effect on the illuminance than frequency, as 
seen in Figure 11-8; but there is less of a difference than with the thick film device. 
Frequency affected the illuminance by 126 lx and voltage affected it by 140 lx. 
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Figure 11-8: The main effects of frequency and voltage on the illuminance of the airbrush devices. 
 
Figure 11-9: The interactions between voltage and frequency on the airbrush devices. 
Again, similarly to the thick film device, there is an interaction between frequency 
and voltage. It can be seen that a pattern is emerging; whilst there is an interaction 
between the two variables, the operating voltage has a greater main effect on the 
illuminance of the devices and this is true for the bought device and the ones made 
in-house. It is also clear that the devices made in-house are not emitting an 
equivalent level of light as the bought device. 
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11.1.1.4 PE Insert Moulded 
The PE moulded inserts performed quite badly in the illuminance tests; Table 11-8 
shows that the illuminance (at the highest operating parameters), is less than half 
of that of the unmoulded airbrush devices. Not only were the PE insert moulded 
devices much duller than the basic, unmoulded airbrushed ones but there is a huge 
variation across the group. Each trial has a RSD of over 20 % showing there is little 
consistency of the performance of devices made using this method. Once again the 
results of each individual device were analysed; this data can be seen in Table 11-9. 
Table 11-8: Average illuminance results and standard deviation of the group of PE insert moulded devices. 
  
Illuminance (lx)  
 
Parameter 
av SD av-SD av+SD RSD (%) 
Trial F V 
1   132.6 29.18 103.4 161.8 22.00 
2   57.40 13.43 43.97 70.83 23.40 
3   39.06 9.718 29.34 48.78 24.88 
4   12.82 2.899 9.924 15.72 22.61 
 
By examining the data from individual devices (Table 11-9) a number of important 
points can be made: 
 The process appears to be very unreliable; out of five devices, A failed to 
illuminate, D failed before the end of the tests, and of the working devices C 
has an average brightness considerable lower than B and E. 
 The working devices have fairly low individual RSDs, indicating each 
illuminates with consistent brightness. 
 The high RSD value for device C: trial 4 can be partly attributed to a low 
average value. 
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 The very low brightness achieved by device D increased the group’s overall 
variation by a considerable amount, resulting in high RSD values for the 
group. 
Table 11-9: The averages, SDs and RSDs of the illuminance of individual PE insert moulded devices; device A 
has been omitted because it didn’t work. 
 
Device B Device C Device D Device E 
 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) Trial 
1 161.6 2.41 1.49 100.0 2.12 2.12 85.0 N/A N/A 143.8 3.56 2.48 
2 71.2 2.86 4.02 40.4 2.88 7.13 N/A N/A N/A 60.6 1.67 2.76 
3 49.8 2.39 4.79 29.6 1.34 4.53 26.0 2.83 10.88 43.0 2.74 6.37 
4 15.8 0.84 5.30 9.8 1.48 15.14 9.5 0.71 7.44 14.2 0.45 3.15 
 
Overall, the PE insert moulded devices were much duller than the ones where 
materials were airbrushed directly onto PC. Individually devices illuminated 
consistently but there was little reliability across the group; there is a lot of 
variation in the level of illuminance between devices and a high failure rate. 
Once again variation between devices is probably due to the differences in the hand 
manufacture of each of the inserts, but also because of the additional stage of 
injection moulding. Although moulding parameters were kept the same for each 
cycle, a slight change in the position of the insert within the mould could result in 
very different flow behaviours over the insert. There is also a possibility the 
conditions endured by the materials during the injection moulding cycle are causing 
the reduction in illuminance between these and the un-moulded airbrush devices. 
The PE insert moulded devices followed the same pattern set by the previous 
devices; there is an interaction between the parameters tested and of the two, 
voltage had a greater main effect (69 lx compared to 51 lx for frequency). 
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11.1.1.5 PTFE Insert Moulded 
An example of a PTFE insert moulded device is shown in Figure 11-10, and although 
the illuminance of these devices (210 lx) was not at the same level as the airbrush 
devices (288 lx) they are much brighter than the PE insert moulded parts (133 lx). 
This suggests that the injection moulding cycle conditions do not have such a 
detrimental effect on the illuminance of devices as first thought; the variation is 
more likely to be due to the lack of repeatability of the hand operated airbrush 
layer application. If the cycle conditions were the cause of the low illuminance of 
the PE inserts then similar illuminance levels should be seen here, but they are not 
(see Table 11-10). 
 
Figure 11-10: A PTFE insert moulded device, illuminated. 
 
At the highest operating conditions the PTFE inserts moulded devices are on 
average over 58 % brighter than the PE inserts and the lower RSDs shown in Table 
11-10 show there is less variation in illuminance across the groups, indicating 
greater illuminance reliability using this method of production. However, 18 % is 
40mm 
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still a high RSD so individual data will also be examined; this is shown in Table 
11-11. 
Table 11-10: Average illuminance results and standard deviation of the group of PTFE insert moulded devices. 
  
Illuminance (lx)  
 
Parameter 
av SD av-SD av+SD RSD (%) 
Trial F V 
1   210.2 39.22 171.0 249.4 18.66 
2   63.00 11.84 51.16 74.84 18.79 
3   53.40 4.664 48.74 58.06 8.73 
4   15.92 1.498 14.42 17.42 9.41 
 
Studying the individual illuminance results for the PTFE insert moulded group of 
devices (in Table 11-11) it can be seen that device B was the brightest achieving an 
average of approximately 255 lx under trial 1 conditions; looking back at section 
11.1.1.3, device D made using the airbrush method, under the same operating 
conditions, achieved a brightness of 235 lx. This confirms that the injection 
moulding process does not have a significant negative effect on the light emission 
and that the variation in illuminance is probably due to inconsistencies in the hand 
manufacture of layer structure. 
Table 11-11: The averages, SDs and RSDs of the illuminance of individual PTFE insert moulded devices. 
 
Device A Device B Device C Device D Device E 
 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
Trial 
1 246.4 8.02 3.25 254.6 4.98 1.96 149.4 2.51 1.68 207.6 3.05 1.47 193.0 4.85 2.51 
2 75 2.00 2.67 73.0 2.35 3.21 43.0 2.55 5.93 63.6 1.52 2.38 60.4 2.88 4.77 
3 54.4 1.82 3.34 58.4 2.30 3.94 47.4 3.13 6.60 50.6 3.29 6.49 56.2 2.05 3.65 
4 16.6 0.89 5.39 17.4 0.89 5.14 13.8 0.84 6.06 15.2 0.45 2.94 16.6 0.89 5.39 
 
The RSD values of individual devices are again quite low, showing that parts made 
using this method illuminate consistently at particular operating conditions. 
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The PTFE insert moulded devices once again continued the main effects and 
interaction pattern; there is an interaction between the voltage and frequency, and 
voltage had a greater main effect (102 lx compared to 92 lx for frequency). 
11.1.1.6 In-Mould Layer Application 
Although a method has been developed to make an EL device in-mould, and 
illuminating parts have been made, it is clear from the data in Table 11-12 and 
Table 11-13 that currently the process is flawed and very unreliable. The average 
illuminance at the highest operating conditions was merely 45 lx, only 15 % of the 
illuminance of the basic, unmoulded airbrush group. The large RSDs for all trials in 
Table 11-12 show a huge variation in illuminance between parts made using this 
process. Individual device data is shown in Table 11-13 but little more can be 
analysed since much of the data is missing due to device failure. 
Table 11-12: Average illuminance results and standard deviation of the group of in-mould devices. 
  
Illuminance (lx)  
 
Parameter 
av SD av-SD av+SD RSD (%) 
Trial F V 
1   44.67 14.22 30.44 58.89 31.85 
2   19.75 7.320 12.43 27.07 37.06 
3   12.00 4.690 7.310 16.69 39.09 
4   7.333 3.077 4.257 10.41 41.96 
 
Only three out of the five parts illuminated over the whole area of the EL device 
and all of those failed at the highest operating conditions; because of this, large 
amounts of data are missing and averages and SDs could not be calculated. In Table 
11-13, of the SD values that are shown, only device B trial 2 and 4 have 3 values, the 
rest are only calculated from two values and as such are not true standard 
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deviations but give an indication of the data range. From the RSDs that were 
calculated (shown in Table 11-13), the values are quite high indicating that even 
individual devices do not consistently illuminate. There is also the fact that at such 
low values, a one digit change has a greater effect on the SD and RSD than on high 
value groups. 
Table 11-13: The averages, SDs and RSDs of the illuminance of individual in-mould devices; device A has been 
omitted because it only partially illuminated and D because it failed to illuminate. 
 
Device B Device C Device E 
 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) Trial 
1 38.00 N/A N/A 35.00 N/A N/A 61.00 N/A N/A 
2 16.33 3.21 19.68 N/A N/A N/A 30.00 N/A N/A 
3 9.00 1.41 15.71 8.00 N/A N/A 17.00 1.41 8.32 
4 5.67 1.53 26.96 5.00 N/A N/A 11.00 1.41 12.86 
 
From the data that was collected, the in-mould moulded devices followed the same 
pattern as the others; there is an interaction between the two test parameters and 
voltage had a greater main effect (23 lx compared to 15 lx for frequency).  
Overall, from this characterisation analysis it can be seen that this method in its 
current state of development is only capable of unreliably producing relatively dim 
devices that cannot operate at high voltages. 
11.1.1.7 Post Mould Layer Application 
The plastic parts that had the EL layer materials added as a post mould process 
were also characterised (one example can be seen in Figure 11-11) and although all 
of the parts illuminated successfully, the light that they emitted was not as bright as 
the basic airbrushed devices on PC. At the highest operating conditions the post 
mould devices were only 41 % the brightness of the basic airbrushed device. 
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Figure 11-11: A post mould device, illuminated. 
 
The RSDs of the four trials performed on the post mould group of devices, are 
shown in Table 11-14 and are all over 35 %; this shows that there is huge variation 
within the group. 
Table 11-14: Average illuminance results and standard deviation of the group of post mould devices. 
  
Illuminance (lx)  
 
Parameter 
av SD av-SD av+SD RSD (%) 
Trial F V 
1   119.1 45.66 73.46 164.8 38.33 
2   33.84 12.16 21.68 46.00 35.95 
3   34.72 12.64 22.08 47.36 36.42 
4   11.16 3.965 7.194 15.13 35.53 
 
Most of the RSDs for individual devices are fairly low (below 8 %) showing that each 
device illuminated consistently and that the high group RSDs are due to a large 
variation between parts. The illuminance of devices during trial 1 range from 69 lx 
to 192 lx confirming the large variation; once again this likely to be due to 
differences during layer application since there is no real processing difference 
between the post mould and basic airbrush method. Trial 2 on device A has a higher 
40mm 
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RSD than others but since this is an isolated result it is more than likely due to 
human error when taking and/or recording measurements. 
Table 11-15: The averages, SDs and RSDs of the illuminance of individual post mould devices. 
 
Device A Device B Device C Device D Device E 
 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) 
av 
(lx) 
SD 
(lx) 
RSD 
(%) Trial 
1 69.00 2.00 2.90 115.00 3.81 3.31 141.00 2.35 1.66 192.00 4.74 2.47 78.60 3.44 4.37 
2 22.00 2.55 11.59 33.40 2.07 6.21 40.80 2.49 6.10 52.00 3.74 7.20 21.00 1.58 7.53 
3 22.80 1.30 5.72 34.40 1.95 5.67 39.40 2.30 5.84 55.20 3.11 5.64 21.80 0.84 3.84 
4 7.40 0.55 7.40 10.80 0.45 4.14 13.40 0.89 6.67 17.20 1.30 7.58 7.00 0.00 0.00 
 
The post mould layer application devices had an interaction between the 
parameters tested, just as the other devices did but out of voltage and frequency 
there was little difference in the effect of each on illuminance (both at 
approximately 54 lx). 
11.1.1.8 Using a Battery and Inverter 
An inverter was also used to measure the illuminance of a number of the 
characterised devices when they are powered by batteries (a non-characterised 
part is shown in Figure 11-12); this was done to determine whether the brightness 
when operated by a battery is comparable to when the device is driven by the HV 
AC supply.  
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Figure 11-12: A curved PTFE insert moulded device operated by batteries and an inverter. 
Four AAA (1.5 V) batteries were used, which had a total voltage of 6 VDC; when 
connected to the inverter, the AC supply was measured as 122 V and 4 kHz (this 
was measured using a hand held oscilloscope). The devices selected to compare 
were: 
 The bought device because this is likely to be the most reliable device to 
test, 
 An airbrush applied method because this is the brightest device that utilises 
the modified materials, and 
 A PTFE insert moulded device because out of all of the moulded devices the 
PTFE insert produced the brightest light. 
The results for these tests are shown in Table 11-16; it can be seen that in each 
case, when operated using the batteries and inverter, the devices emitted light 90 
% or more of the brightness compared to when they are at the highest operating 
conditions on the AC power supply. 
80mm 
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Table 11-16: The illuminance of 3 devices when operated using batteries and an inverter. 
 Illuminance (lx) Comparison 
Device Tested 
Operated by AC 
supply: 
300V & 400Hz 
Operated by 
batteries & inverter: 
122V & 4kHz 
% illuminance 
(batteries & 
inverter compared 
to AC supply) 
Bought 467 419 90 
Airbrush 288 266 92 
PTFE insert 
moulded 
210 201 96 
 
So far in this analysis, in almost every group of devices the voltage has the greater 
effect on the illuminance however this test shows that if a sufficiently high 
frequency (4 kHz) is used, a near equivalent illuminance (≥90 %) can be achieved 
even at a low voltage (122 V). This shows that the voltage only has a greater effect 
than frequency over the operating range suggested on the H C Starck processing 
guide [148]. This implies that in order to draw more reliable conclusions about the 
main effects of voltage and frequency, further experimentation should be carried 
out using Design of Experiments to include a greater number of levels over a larger 
range for both parameters. 
11.1.1.9 Illuminance Comparisons 
As well as independently analysing the data from each group of devices it is also 
useful to compare them. Both the average magnitude of the illuminance and the 
variation within each group were compared; this will help to determine the most 
successful process (the method that produces the brightest devices and has the 
lowest variation) developed during this project. Figure 11-13 shows a graph 
comparing the illuminance of the light emitted by each group of devices. 
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Figure 11-13: The average illuminance of each group of devices under different operating conditions. 
 
Clearly Figure 11-13 shows that the bought device emits a significantly brighter light 
than any of the devices made in-house and it also shows that the novel airbrush 
application method developed during this project (using the MEK modified 
materials) produces brighter devices than those made using the thick film method. 
Figure 11-13 also shows that the brightest injection moulded devices are the ones 
made using the PTFE insert moulding method. However, it also confirms that the in-
mould method makes devices that emit the lowest light levels, by a significant 
amount.  
The basic airbrush, PTFE and PE insert moulding, post mould and in-mould methods 
all utilise airbrush spraying as the layer application method, however they all have 
different average illuminance levels. The most likely explanation for this variation 
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(both between and within groups) is a difference in structure caused by 
inconsistencies in manual manufacture. 
The second part of this analysis is the comparison of the variation within each 
group; Figure 11-14 shows the RSDs of each group of devices for each trial. 
 
Figure 11-14: The relative standard deviation of each group of devices. 
 
Unsurprisingly the bought group has the lowest variation, however as explained 
earlier this group contains only one device and therefore it will have a lower 
variation than a number of different devices. To make a fairer comparison between 
the commercially available EL lamps and the devices made in-house, a number of 
different bought devices should be characterised so that the variation within the 
group can be calculated. This is because if the newly developed methods are to 
compete with existing process techniques, it is not only important to match the 
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average magnitude of illuminance of the parts but also in the reliability with which 
that process can produce a device that emits that level of light. Therefore, it is 
important to note that the variation of a group of bought devices is likely to be 
greater than that shown in the graph. 
Figure 11-14 shows that the greatest variation in illuminance occurs in the groups 
made using the post mould and in-mould processes; this indicates that these 
methods are the least repeatable. Even though the post mould process produces 
parts with a large variation in the illuminance, every part successfully illuminated 
(even at high voltages) and this is in sharp contrast to the in-mould devices, that all 
failed either before or during characterisation. Of the two different insert moulding 
groups, the PE inserts had a larger variation in the illuminance of the group and had 
a higher failure rate than the PTFE inserts implying that it is currently a more 
unreliable process. When comparing the thick film and basic airbrush methods the 
variation within each group is fairly comparable (when taking into account the large 
RSD values resulting from the small averages in the thick film group), however the 
airbrush method produced brighter devices. Overall, when comparing the level of 
illuminance and reliability with which that method can produce that illuminance, 
the hand-made methods used during this project are rated best to worst as: 
1. Basic Airbrush Method 
2. Thick Film Method 
3. PTFE Insert Moulded 
4. Post Mould Layer Application 
5. PE Insert Moulding 
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6. In-Mould Layer Application Method 
Therefore the injection moulding technique that is the most reliable and produces 
the brightest parts is the PTFE insert moulding technique; this list also shows that 
applying EL layers as a post mould or retrospective technique is a viable option. 
11.1.2 Layer Thickness 
Although the illuminance of the parts is the primary characteristic by with the 
devices and processing methods are judged, it is also important to measure the 
thicknesses of the layer applied using each technique. These measurements will 
give an indication of the reliability and repeatability of the application method and 
give an insight into the reasons for the differences in illuminance. The distance 
between the two electrodes (i.e. the combined thickness of the phosphor and 
dielectric layers) will affect the magnitude of the alternating electric field and as 
such will affect the amount of light emitted by the device. 
Devices were sectioned, mounted, polished and the layer thicknesses measured 
under a microscope; the results and associated analysis follow. 
11.1.2.1 Bought Device 
The bought device was thin enough to cut with a blade before mounting so it was 
unnecessary to use the saw; Figure 11-15 shows a cross section of the device and 
an example of layer measurements taken. From Figure 11-15 it can be seen that 
whilst the transparent electrode, rear electrode and dielectric layer are 
homogeneous, the phosphor layer contains particulates of material within a 
uniform matrix. The presence of these phosphor particles within this layer will limit 
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how thin this layer can be and may have a significant effect on the variation in 
thickness across the individual layer and across the group. 
 
Figure 11-15: A cross section of the bought EL device. 
 
The layer thickness was measured at five different positions and the results, 
averages and variation are shown in Table 11-17. The measurements were 
calculated by the computer but the positions were selected by eye; in each case the 
position that was selected had both good boundary definition and was judged to 
represent an “average” layer thickness of the section viewed on screen. 
The dielectric layer is the thickest, followed by phosphor, silver and finally the 
transparent electrode is the thinnest. 
The RSDs range from 6 % to 45 %, showing that even a bought device (probably 
made using a controlled, automated process) has a large variation in the thickness 
of some layers. 
Phosphor 
Dielectric 
Rear Electrode 
Transparent 
Electrode 
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Table 11-17: The average, SD and RSD values of the bought device layer thickness measurements. 
 Layer Thickness (μm) at different positions 
RSD 
(%) Layer 
Material 
i ii iii iv v av SD 
Transparent 
Electrode 
2.95 2.81 3.54 2.51 4.14 3.19 0.65 20.38 
Phosphor 18.61 41.49 18.01 21.85 15.68 23.128 10.50 45.40 
Dielectric 40.90 20.08 40.06 36.91 41.23 35.836 8.97 25.03 
Rear 
Electrode 
10.78 10.05 11.51 10.49 11.72 10.91 0.70 6.42 
 
It is clear to see from Table 11-17 that the layer with the greatest variation in 
thickness is the phosphor; this is unsurprising since it has already been identified 
that the presence of “lumps” within the layer would cause a wide range of 
thicknesses across the coverage of the layer. The next greatest variation is within 
the dielectric layer. This is also to be expected since this layer is directly adjacent to 
the phosphor (and usually the next to be applied) and as such any fluctuations in 
the surface of the phosphor would affect the thickness of the dielectric material. 
The transparent electrode has a quite a large RSD (20 %), the variation in the layer 
thickness can be seen in Figure 11-16. The actual standard deviation is quite low 
(0.65 μm), but since the average layer thickness is so small it represents a large 
percentage of it. Part of the variation in the layer thickness could also be due to 
error in measurements; on such a thin layer, small discrepancies in positioning the 
marker by eye would have a large impact on the variation of the measurements. 
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Figure 11-16: A graph showing the layer thickness of the transparent electrode at five different positions 
across the bought device. 
 
The thickness of the of the phosphor layer is shown in Figure 11-17; it can clearly be 
seen that there is a large variation across the surface and this is most likely due to 
the grains of material within the layer. 
 
Figure 11-17: A graph showing the thickness of the phosphor layer at five different positions across the 
bought device. 
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The dielectric layer thickness is shown in Figure 11-18; this graph shows how the 
variation in the phosphor layer thickness has an effect on the dielectric layer. The 
dielectric layer is thin where the phosphor is thick and vice versa; this is because 
during manufacture where there was a raised “bump” in the phosphor (such as 
position 2) this would result in a thinner layer of dielectric to be applied in that 
area. 
 
Figure 11-18: A graph showing the thickness of the dielectric layer at five different positions across the 
bought device. 
 
The rear electrode has the lowest RSD value (6.42 %) indicating there is little 
variation in the layer thickness; this is confirmed by the graph shown in Figure 
11-19.  
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Figure 11-19: A graph showing the layer thickness of the rear electrode at five different positions across the 
bought device. 
 
Overall there is a moderate amount of variation in the thickness across the 
individual layer of the bought device. Unfortunately since there was only one 
bought device it is not possible to compare the layer thicknesses between devices; 
this would have determined if the manufacturing method produces consistent layer 
thicknesses each time. 
11.1.2.2 Thick Film Devices 
The thick film devices cut well on the saw, with no damage and there was no 
requirement for an encapsulation layer. A cross section of a typical sample is shown 
in Figure 11-20; each of the layers can clearly be seen but there are a number of 
voids present within the phosphor layer. There are also distinct particles within the 
phosphor layer in these devices. 
0
2
4
6
8
10
12
14
1 2 3 4 5
La
ye
r 
Th
ic
kn
e
ss
 (
μ
m
) 
Position 
Analysis 
 
Beth Middleton  247 
 
Figure 11-20: A cross section of a thick film EL device. 
 
The individual layer thicknesses (Table 11-18) show that when devices are made 
using the thick film method the phosphor is the thickest layer followed by silver, 
dielectric and finally the PEDOT:PSS, however the phosphor measurements are 
likely to be an over estimate since this layer includes the voids. The presence of 
voids within the layer structure may contribute to the lower illuminance of the 
hand-made devices compared to the bought device. 
Table 11-18: The average, SD and RSD values for each layer of each of the thick film samples. 
 
Layer Thickness Data (μm) 
 
PEDOT:PSS Phosphor Dielectric Silver 
Sample av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
A 4.57 0.88 19.26 102.5 10.14 9.89 47.72 8.71 18.26 43.98 7.14 16.23 
B 6.27 1.02 16.19 88.21 25.66 29.09 62.55 12.07 19.29 68.90 6.15 8.92 
C 5.08 1.59 31.38 50.54 15.24 30.16 29.98 2.23 7.44 63.93 7.38 11.54 
D 5.38 0.56 10.35 80.39 18.71 23.27 41.50 13.01 31.36 61.93 4.65 7.51 
E 7.95 1.18 14.80 52.68 27.03 51.30 60.50 13.60 22.49 67.45 6.21 9.21 
GROUP 5.85 1.57 26.90 74.87 29.34 39.19 48.45 13.41 27.69 61.24 9.66 15.78 
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The large RSD values in Table 11-18 show that there is a large amount of variation 
in the layer thicknesses. However it is not just the group RSDs that are large but the 
individual devices each have quite high values for each layer; this suggests that each 
device displays moderate to large variation across layers in addition to there being 
a large difference in thickness between samples. 
 
Figure 11-21: The average layer thicknesses of the thick film group. 
 
Figure 11-21 shows the variation in average layer thicknesses across the group; the 
thick film method appears to apply consistent PEDOT:PSS layers and apart from 
sample A, there is little silver layer variation between the samples. The dielectric 
and phosphor layers show a large variation between samples. In order perform 
further analysis, each thickness measurement was plotted, showing the variation 
across each layer; these can be seen in Figure 11-22 to Figure 11-25. 
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Figure 11-22 shows the thickness of the PEDOT:PSS layer for each sample. There is a 
moderate amount of variation across the layer and this is probably caused by an 
uneven pressure on the scraper whilst the layer was applied. Sample E is generally 
thicker than the others and this was probably due to the application of a lower 
scraper pressure during manufacture. 
 
Figure 11-22: A graph showing the thickness of the PEDOT:PSS layer at five different positions across each of 
the thick film devices. 
 
The phosphor layer thicknesses shown in Figure 11-23 indicates that there is a lot of 
variation both across each layer and in between layers. As well as the previously 
identified reasons of differences during manufacture there are also there added 
effects of the phosphor particles and the voids; these combine to produce a large 
variation in the phosphor layer thicknesses. 
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Figure 11-23: A graph showing the thickness of the phosphor layer at five different positions across each of 
the thick film devices. 
 
An uneven phosphor layer could affect the next layer to be applied which was the 
dielectric. The dielectric layer thicknesses are shown in Figure 11-24 and it shows a 
moderate amount of variation across each layer. 
 
Figure 11-24: A graph showing the thickness of the dielectric layer at five different positions across each of 
the thick film devices. 
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Although there is a reasonable amount of variation across each layer, thin areas do 
not correspond to thick areas of the phosphor so difference in thickness of the 
dielectrics is likely just to be due to variation during hand layer application. 
 
Figure 11-25: A graph showing the thickness of the silver layer at five different positions across each of the 
thick film devices. 
 
The silver layers (Figure 11-25) are quite consistent across each device and most 
devices have silver layers of a similar thickness. Device A has a thinner silver layer 
than the rest of the group and this was probably caused by using an increased 
pressure during the layer application. 
Generally the thick film layer application method applies layers with a reasonably 
uniform thickness and this is probably because the method utilises a template 
which provides some control during hand manufacture by limiting how close the 
rigid material applicator can get to the substrate below. There is however large 
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variation between devices which is probably caused by the application of different 
pressures to the material applicator (scraper) each time. 
11.1.2.3 Airbrush Devices 
The airbrush devices cut well on the saw, with no damage and no requirement for 
an encapsulation layer. A cross section of one device can be seen in Figure 11-26. 
 
Figure 11-26: A cross section of an airbrush EL device. 
 
Once again, the phosphor layer has distinct particles within it and there are large 
voids present, both of which would affect the layer thickness measurements and 
variation. The voids may once again have a negative effect on the illuminance level 
of device. The layer thickness data for the airbrush devices are shown in Table 
11-19. 
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Table 11-19: The average, SD and RSD values for each layer of each of the airbrush samples. 
 
Layer Thickness Data (μm) 
 
PEDOT:PSS Phosphor Dielectric Silver 
Sample av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
A 4.55 1.15 25.20 34.16 11.25 32.93 28.76 3.79 13.19 16.19 2.59 15.99 
B 5.82 1.22 20.91 36.37 11.80 32.45 15.73 1.51 9.63 13.44 5.42 40.29 
C 3.40 1.14 33.64 36.98 9.25 25.01 24.33 6.85 28.15 17.62 1.87 10.63 
D 5.45 0.80 14.66 23.71 5.00 21.07 16.66 1.91 11.48 13.69 3.68 26.87 
E 6.49 0.50 7.77 26.96 9.42 34.94 21.92 3.86 17.59 13.30 1.72 12.91 
GROUP 5.14 1.43 27.72 31.64 10.35 32.71 21.48 6.18 28.77 14.85 3.54 23.81 
 
Similarly to the thick film devices the phosphor layer is the thickest; the average 
layer thicknesses can be seen in Figure 11-27. The individual and group RSDs vary 
suggesting an intermediate amount of variation in the thickness of layer applied 
using the airbrush method. 
 
Figure 11-27: The average layer thicknesses of the airbrush group. 
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Following a similar pattern to the thick film devices, the phosphor and dielectric 
layers show more variation between samples than the PEDOT:PSS and silver. The 
PEDOT:PSS layer thickness measurements are shown in Figure 11-28 and this shows 
a greater degree of variation than thick film layers. 
 
Figure 11-28: A graph showing the thickness of the PEDOT:PSS layer at five different positions across each of 
the airbrush devices. 
 
One explanation for the increase in variation is that the thickness of each layer is 
determined by the flow of the material from the airbrush and how long the airbrush 
is aimed at a particular area (rather than the uniform thickness of a template). Since 
these devices were made by hand and during manufacture the material coverage 
was judged by eye, there is likely to be a large variation both across the surface of 
each layer and between layers on different devices. The flow rate would vary 
depending on the type of material that is being sprayed, the level of dilution, and 
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how well it has been mixed; all of these factors would cause variation across a 
surface and between devices. 
 
Figure 11-29: A graph showing the thickness of the phosphor layer at five different positions across each of 
the airbrush devices. 
 
There is a large amount of variation across the phosphor layers (Figure 11-29); as 
well as the manufacturing reasons already identified there is also the presence of 
large particles & the added difficulty of measuring this layer due the presence of 
voids in/near it.  
The dielectric material also has a large layer thickness variation between devices, 
but the individual layers are more uniform than the phosphor (see Figure 11-30). 
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Figure 11-30:  A graph showing the thickness of the dielectric layer at five different positions across each of 
the airbrush devices. 
 
Figure 11-31 show that there is also a moderate amount of variation both across 
and between silver electrode layers. 
 
Figure 11-31:  A graph showing the thickness of the silver layer at five different positions across each of the 
airbrush devices. 
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Overall, the airbrush applies material in layers that exhibit a moderate amount of 
variation. The variation can be seen across each layer and in between layers. The 
cause of this variation is likely to be due to differences in airbrush use by the human 
operator. 
11.1.2.4 PE Insert Moulded 
Upon cutting, the first PE insert film peeled away easily from the device; the 
exposed PEDOT:PSS layer underneath flaked away from the remaining structure. 
Due to this, further devices had the PE removed and an acrylic encapsulating layer 
applied; when samples had been fully sectioned, the PP substrate easily detached 
from the layers leaving the EL multi-layer structure on the acrylic. This may account 
for the uneven silver surface that can be seen on the cross section shown in Figure 
11-32. 
 
Figure 11-32: A cross section of a PE insert moulded EL device. 
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There were no voids observed in the PE insert moulded devices and this is probably 
because the large pressure of injection during the moulding cycle eliminated them. 
Although the PE insert moulded samples had no voids, they also had a lower 
illuminance than the bought device (in fact even lower than the non-moulded 
airbrushed devices); this is not to say that the voids in the other handmade devices 
did not contribute to the low illuminance but simply that it is not the only factor. 
Sample A was damaged during the sectioning and mounting process, so there were 
no measurements taken and the data is missing from the table. 
Table 11-20: The average, SD and RSD values for each layer of each of the PE insert moulded samples. 
 
Layer Thickness Data (μm) 
 
PEDOT:PSS Phosphor Dielectric Silver 
Sample av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
A - - - - - - - - - - - - 
B 2.70 0.36 13.22 19.80 2.67 13.46 22.47 1.70 7.57 10.74 1.13 10.50 
C 2.76 0.40 14.43 14.91 4.76 31.96 23.18 1.50 6.45 10.66 2.99 28.08 
D 2.74 0.47 17.21 19.23 3.37 17.50 27.59 3.60 13.05 10.98 1.67 15.25 
E 2.92 0.80 27.35 19.06 5.92 31.05 27.83 4.37 15.68 16.43 5.15 31.37 
GROUP 2.78 0.50 17.94 18.25 4.48 24.52 25.27 3.76 14.90 12.20 3.82 31.34 
 
The RSDs shown in Table 11-20 are lower than other groups of devices which 
means that this method of production has the lowest variation in layer thickness so 
far. Figure 11-33 shows that the variation across the group is quite low and the 
PEDOT:PSS layer thickness is particularly consistent over the group. It is also clear 
from this graph that just like the bought device the dielectric layer is thicker than 
the phosphor. 
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Figure 11-33: The average layer thicknesses of the PE insert moulded group. 
 
The PEDOT:PSS layers of each device were fairly uniform, as were the dielectric and 
silver; there was a noticeable variation across the phosphor layers (see Figure 
11-34) but less than that of other groups. 
 
Figure 11-34: A graph showing the thickness of the phosphor layer at five different positions across each of 
the PE insert moulded devices. 
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The cause of the phosphor layer thickness variation is once again probably due to 
the presence of particles within the phosphor layer and inconsistencies in the layer 
application.  
Overall, the PE insert moulding method produces parts with the most consistent 
layer thicknesses so far. 
11.1.2.5 PTFE Insert Moulded 
The PTFE insert moulded samples cut well on the saw; an encapsulation layer was 
not required as the water spray caused minimal damage (if any) to the PEDOT:PSS. 
As with the PE insert moulded devices, no voids were observed in the samples, a 
cross section of a PTFE insert moulded device is shown in Figure 11-35. 
 
Figure 11-35: A cross section of a PTFE insert moulded EL device. 
 
Phosphor 
Dielectric 
Silver Electrode 
Transparent 
Electrode 
Analysis 
 
Beth Middleton  261 
The thickest layer of the PTFE insert moulded devices was the phosphor, and the 
thinnest was the PEDOT:PSS. The transparent electrode layer is just a few microns 
thick so even though the SD is less than one micron this calculates to a large RSD 
percentage (see Table 11-21). 
Table 11-21: The average, SD and RSD values for each layer of each of the PTFE insert moulded samples. 
 
Layer Thickness Data (μm) 
 
PEDOT:PSS Phosphor Dielectric Silver 
Sample av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
A 2.10 0.99 47.04 28.82 8.43 29.25 27.34 13.63 49.86 14.21 3.99 28.08 
B 2.39 0.75 31.41 44.97 4.59 10.20 19.61 7.06 36.02 12.05 2.48 20.56 
C 1.90 0.55 29.07 19.25 3.72 19.31 16.40 3.10 18.90 11.06 2.38 21.47 
D 1.48 0.23 15.83 42.87 2.26 5.28 19.84 5.81 29.29 10.81 0.79 7.28 
E 1.93 0.29 15.07 26.16 0.73 2.77 28.01 5.05 18.03 9.81 2.26 23.01 
GROUP 1.96 0.65 33.20 32.41 11.21 34.60 22.24 6.02 27.06 11.59 2.81 24.24 
 
Figure 11-36 shows the average layer thickness of the group and both the 
PEDOT:PSS and silver layers are fairly consistent across the group. There is a little 
more variation across the dielectric layers and a large difference in the phosphor 
layer thicknesses. 
 
Figure 11-36: The average layer thicknesses of the PTFE insert moulded group. 
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As already mentioned, the PEDOT:PSS layers have large RSDs; this could be because 
of the RSD calculation, the thin layer is also difficult to identify and measure on 
screen so this would increase the variation in the layer thickness measurements.  
The individual phosphor and dielectric layer thicknesses are shown in Figure 11-37 
and Figure 11-38 and although there is variation between layers, these graphs 
generally show a fairly even thickness across each layer. 
 
Figure 11-37: Phosphor layer thickness measurements for each of the PTFE insert moulded devices. 
 
On each graph there are a couple of inconsistent points which highlight how the 
variation in the phosphor layer can affect the thickness of the subsequent dielectric 
material. One example is device B, on Figure 11-37 in position 3 the phosphor layer 
is thin and this corresponds to a thick dielectric layer on Figure 11-38. When 
sprayed over the phosphor layer, the dielectric material has filled any indentations, 
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resulting in thicker dielectric areas. The silver layers each have a moderate amount 
of variation across them.  
 
Figure 11-38: Dielectric layer thickness measurements for each of the PTFE insert moulded devices. 
 
Overall, the PTFE insert moulded devices had an even thickness within each layer 
and little to moderate variation between layers. 
11.1.2.6 In-Mould Layer Application 
The PEDOT:PSS layer washed away when the first in-mould sample was cut using 
the saw; further samples required acrylic encapsulation. As with the PE insert 
moulded devices, the PP often peeled off from the encapsulation and EL layers, 
possibly contributing to the uneven silver surface. The layer structure was not as 
even as with other processing methods; a cross section of one of the better samples 
is shown in Figure 11-39. Even on the least disrupted layers, the thickness 
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measurements are not very accurate because the layer boundaries are not 
particularly discrete. 
 
Figure 11-39: A cross section of an in-mould EL device. 
 
When observing and measuring the thicknesses of layers of devices made using the 
in-mould application, there were some problems which led to missing data: 
 There were no measurements taken for sample A because it was damaged 
during sectioning and mounting, 
 Sample C only has no silver layer thickness measurement because the silver 
was not visible (see Figure 11-40), and 
 Sample D had a very disrupted layer structure and all four layer materials 
could only be measurements in one location. 
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Figure 11-40: Sample C of the in-mould devices; the silver layer was not visible. 
 
Two examples of the layer disruption caused by injection are shown in Figure 11-41; 
layers formed a wave-like pattern and adjacent materials intermingled. This is 
caused by the injected polymer displacing the layer materials but these effects can 
be reduced by changing injection moulding parameters. 
 
Figure 11-41: The disruption to the layer structure caused by the injection of the polymer. 
Typical disruption pattern caused 
by injection moulding 
Silver electrode is not 
visible on sample C 
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The analysis of layer thickness measurements that were obtained are shown in 
Table 11-22; it can be seen that the RSD values are approximately the same as 
those achieved using other processing methods; but the lack of data indicates the 
unreliability of the process. 
Table 11-22: The average, SD and RSD values for each layer of each of the in-mould samples. 
 
Layer Thickness Data (μm) 
 
PEDOT:PSS Phosphor Dielectric Silver 
Sample av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
A - - - - - - - - - - - - 
B 6.07 1.46 24.05 32.59 2.26 6.93 19.54 4.24 21.69 16.67 3.92 23.49 
C 8.15 2.45 30.02 32.22 3.49 10.82 16.02 3.74 23.33 - - - 
D 3.10 N/A N/A 36.58 N/A N/A 13.03 N/A N/A 12.57 N/A N/A 
E 5.85 0.58 9.90 32.66 17.13 52.45 23.56 6.26 26.58 16.79 8.38 49.88 
GROUP 6.47 2.03 31.45 32.75 9.16 27.98 19.29 5.59 28.99 16.35 5.98 36.58 
 
From the layer thicknesses that could be measured, Figure 11-42 shows that the 
equivalent layers on different samples were fairly consistent, with a comparable 
variation to other methods. 
Analysis 
 
Beth Middleton  267 
 
Figure 11-42: The average layer thicknesses of the in-mould group. 
 
However, there is quite a large variation in thickness across each layer; the 
dielectric layer thicknesses are shown in Figure 11-43 and represent the amount of 
variation shown across all material layers. The variation across each layer could be 
caused by uneven manual layer application but also due to the effects of injection 
moulding. The injected polymer forces material sideways, affecting the layer 
thickness and causing the disruption shown in Figure 11-41. 
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Figure 11-43: The dielectric layer thickness measurements for each of the in-mould devices. 
 
Overall, the in-mould process produces layers with quite a large variation in 
thickness across them; the average layer thicknesses within the group are quite 
consistent but the fact that some measurements could not be taken indicates that 
currently the process is not very repeatable. 
11.1.2.7 Post Mould Layer Application 
When sectioned with the saw, the post mould samples required acrylic 
encapsulation; this was because the PEDOT:PSS layer flaked away from the 
remaining part when hit with the lubricating spray from the saw. An example of a 
sectioned piece of post mould device is shown in Figure 11-44; this shows that the 
thin phosphor layer has more dispersed phosphor particles than other devices, 
which could contribute to the low illuminance levels.  
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Figure 11-44: A cross section of a post mould EL device. 
 
The analysis of the layer thickness measurements for all of the post mould devices 
is shown in Table 11-23; although a few individual layer RSD values are low but 
generally the RSDs are quite large indicating large variations between devices and 
across layers. 
Table 11-23: The average, SD and RSD values for each layer of each of the post mould samples. 
 
Layer Thickness Data (μm) 
 
PEDOT:PSS Phosphor Dielectric Silver 
Sample av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
av SD 
RSD 
(%) 
A 3.87 0.61 15.84 7.09 2.36 33.35 12.67 4.78 37.77 8.83 1.25 14.13 
B 2.92 0.50 16.98 9.74 3.90 40.07 9.96 0.91 9.19 17.97 1.77 9.88 
C 3.46 0.34 9.86 16.98 4.41 25.99 17.32 1.51 8.74 13.55 2.03 15.01 
D 2.13 0.40 18.96 13.97 4.77 34.14 14.25 1.90 13.30 14.72 4.30 29.22 
E 5.29 1.62 30.62 15.89 8.18 51.49 15.71 2.72 17.31 14.58 1.09 7.47 
GROUP 3.54 1.32 37.36 12.73 6.03 47.32 13.98 3.59 25.65 13.93 3.72 26.69 
 
The average layer thicknesses plotted on the graph shown in Figure 11-45, confirm 
the large variation between equivalent layers in different devices. 
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Figure 11-45: The average layer thicknesses of the post mould group. 
 
The thickness across each layer is also inconsistent and the phosphor material is a 
good example of this (see Figure 11-46). Since these layer materials were applied 
after moulding, the injection moulding process could not have any effect on the 
layer thickness variation so the differences must only be due to uneven material 
application and, in the case of phosphor, the size of the particles of material. 
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Figure 11-46: The phosphor layer thicknesses for each of the post mould devices. 
 
Overall, when devices are made using this method there is a lot of variation in the 
thickness of individual layers and are large variation in the layer thicknesses of 
different samples. 
11.1.2.8 Layer Thickness Comparison 
When comparing the thickness of layers produced by each processing method it is 
important to examine both the averages and the variation of the thicknesses 
applied. When comparing the different devices, the bought device will act as a 
benchmark; it has already been determined that this is the brightest of the EL lamps 
tested and so it will be assumed that it has the optimal layer thicknesses. It is 
acknowledged that this is not the only factor affecting the brightness of the light 
emitted but this is the only aspect that was compared in this investigation.  
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Figure 11-47 shows the average layer thicknesses applied using each of the 
processing techniques; and it appears that the in-house methods that produced 
devices with the most similar layer thicknesses to the bought device are: the basic 
airbrush method, the PTFE insert moulding and the in-mould layer application. 
Despite the in-mould method producing similar average layer thicknesses it has 
already been shown that the method is not yet able to reliably produce an intact 
multi-layer structure. Neither the basic airbrush nor PTFE insert methods 
completely replicate the dimensions of the bought device (ideally the phosphor and 
dielectric layer thicknesses would be reversed) but this graph shows that the novel 
application methods developed in this project do have the ability to produce EL 
devices with a layer architecture very similar to ones produced commercially. 
 
Figure 11-47: The average thicknesses of each layer material produced using each processing technique. 
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As already mentioned, the combined thickness of the phosphor and dielectric layers 
is equal to the distance between the electrodes and has an effect the amount of 
light emitted by the device so this quantity has also been compared (in Figure 
11-48). 
 
Figure 11-48: The combined phosphor and dielectric layer thicknesses produced by each processing 
technique. 
 
Once again the PFTE insert moulding and the basic airbrush techniques produce 
devices with the closest dimensions to the bought device. The fact that these two 
methods also emitted light of the closest brightness to the bought devices supports 
the argument that links the layer thicknesses to illuminance. 
It is also important for the process to reliably and repeatedly produce parts of a 
certain standard so the RSDs have also been compared. Table 11-24 shows, for each 
processing method, the group RSDs and the average individual device RSDs; the 
group RSD will indicate the repeatability of the process to make comparable parts, 
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and the average device RSDs will quantify how even the layers within the parts 
made. 
Table 11-24: The group RSD values and average individual RSD values for each material and each processing 
technique. 
 
Variation within each groups layer thickness measurements 
Type 
PEDOT:PSS Phosphor Dielectric Silver 
Av. 
Device 
RSD 
(%) 
Group 
RSD 
(%) 
Av. 
Device 
RSD 
(%) 
Group 
RSD 
(%) 
Av. 
Device 
RSD 
(%) 
Group 
RSD 
(%) 
Av. 
Device 
RSD 
(%) 
Group 
RSD 
(%) 
All 
layers 
Av. 
Group 
RSD 
(%) 
Bought 20.4 N/A 45.4 N/A 25.0 N/A 6.4 N/A N/A 
In-
Mould 
21.3 31.5 23.4 28.0 23.9 29.0 36.7 36.6 31.3 
Post 
Mould 
18.5 37.4 37.0 47.3 17.3 25.7 15.1 26.7 34.3 
PE 
Insert 
18.1 17.9 23.5 24.5 10.7 14.9 21.3 31.3 22.2 
PTFE 
Insert 
27.7 33.2 13.4 34.6 30.4 27.1 20.1 24.2 29.8 
Airbrush 20.4 27.7 29.3 32.7 16.0 28.8 21.3 23.8 28.3 
Thick 
Film 
18.4 26.9 28.7 39.2 19.8 27.7 10.7 15.8 27.4 
 
For each layer material the application method providing the best/lowest (GREEN) 
and worst/highest (RED) individual and group RSD value have been identified and 
counted. Using this method it can be seen that when considering the layer structure 
and consistency, the PE insert moulding method is the most reliable, producing 
devices with the lowest variation and the post mould and in-mould techniques are 
quite unreliable, producing devices with a high degree of variation. 
The variation that is present both within and in between airbrush applied layers is 
predominantly due to difference in the layer application. The airbrush is operated 
by hand and therefore may not be sprayed evenly over the whole surface area; the 
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coverage is also judged by eye and as such is another source of variation. The rate 
of material flow from the airbrush would also vary whilst spraying a single layer and 
different devices. Different materials behave differently and therefore would flow 
differently; for example the phosphor contained particles of material which could 
affect flow rate. Changes during dilution and mixing is also likely to cause variation 
to the different batches; slightly different levels of dilution, evaporation of the 
solvent, and varying degrees of mixing would all contribute to the differences. The 
phosphor and silver mixtures also separated upon standing which would affect the 
flow rate. All of these issues are contributing factors to the variation identified in 
these airbrush application methods. 
As well as gaining quantitative layer thickness data using a microscope; the actual 
preparation of the samples also gave information about the quality of the layers 
and adhesion. When sectioning the samples on the saw, the water (and lubricating 
fluid) sprayed onto the parts and observations were made about the integrity of the 
EL layers, particularly about the PEDOT:PSS layer as this was often the top layer 
when cutting. However when making comparisons it is important to note that there 
are some critical differences between devices: 
 On the devices constructed on PC plaques (both the thick film and basic 
airbrush), the PEDOT:PSS layer was protected by the PC, 
 On the moulded devices the PEDOT:PSS was the outermost, unprotected 
layer and was applied and cured before other layers, and 
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 On the post mould devices, the PEDOT:PSS layer was the outermost, 
unprotected layer and was the last layer to be applied and was therefore 
applied to an already uneven surface. 
The observations and the comparisons made earlier have been used to evaluate the 
quality of the multi-layer structure produced by each method and summary is 
shown in Table 11-25. 
Table 11-25: A qualitative comparison of the whole multi-layer structure applied using each processing 
method. 
Production 
Method 
Layer Quality Considerations 
Similarity to 
Bought 
Device 
Dimensions 
Quality of 
PEDOT:PSS 
Layer 
Layer 
Uniformity 
(across a 
single part) 
Layer 
Consistency 
(across a 
group of parts) 
Overall 
Layer 
Structure 
Thick Film 
on PC 
Much larger 
layer 
thicknesses; 
some layers 
were twice 
the 
thickness 
Fully cured 
and good 
adhesion 
Fairly 
consistent 
layer 
thickness 
across the 
part 
Moderate 
variation 
across the 
group 
Thick even 
structure, 
with 
distinct 
layers. 
Large 
voids 
present in 
the 
phosphor 
layer 
Airbrush 
on PC 
Similar 
layer 
thicknesses 
Fully cured 
and good 
adhesion 
Moderate 
variation in 
layer 
thickness 
Moderate 
variation 
across the 
group 
Fairly 
even 
structure, 
Large 
voids 
present in 
the 
phosphor 
layer 
Post 
Mould 
Thinner 
layer 
thicknesses 
Cured but 
poor 
adhesion to 
the 
phosphor, 
Fairly large 
thickness 
variation in 
each layer 
Large variation 
between 
devices. 
Distinct 
thin layer 
structure. 
Some 
small 
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it flaked off 
during 
cutting 
voids 
present 
within 
layer 
structure 
PE Insert 
Thinner 
layer 
thicknesses 
Flaky, 
cured but 
poorly 
adhered to 
phosphor. 
PE easily 
peels away 
from 
PEDOT:PSS. 
Good layer 
consistency 
Low variation 
across the 
group 
Even layer 
structure. 
No voids 
present 
PTFE Insert 
Similar 
layer 
thicknesses 
Fully cured, 
good 
adhesion, 
high gloss, 
smooth 
finish 
Moderate 
layer 
consistency 
Low to 
moderate 
variation 
across the 
groups 
Good 
layer 
structure. 
No voids 
present 
In-Mould 
Similar 
layer 
thicknesses 
Dull finish, 
uncured, 
washed off 
during 
cutting 
Large 
thickness 
variation 
across the 
layers 
Fairly 
consistent 
average layer 
thicknesses 
where 
measurements 
were possible. 
Very poor 
layer 
structure; 
high level 
of 
disruption 
caused by 
injection. 
Layer 
interface 
not always 
discrete. 
 
Overall, the insert moulding techniques (both PTFE and PE) reliably produce devices 
with a similar layer structure to that of the bought device. 
11.1.3 Comparing Layer Thickness with Illuminance 
This analysis section combines the data gathered from both the illuminance and 
layer thickness characterisation. The combined thickness of the phosphor and 
dielectric layer is equal to the distance between the two electrodes and as such will 
Analysis 
 
Beth Middleton  278 
have an effect on the illuminance. The illuminance was compared to the combined 
thickness of the phosphor and dielectric layers in order to see if there is a 
relationship between them and/or an optimal value could be determined. The 
comparison is shown in Figure 11-49; each point represents a device for which both 
values were obtained and the key indicates the group they belong to and how they 
were made. 
 
Figure 11-49: A comparison of the illuminance and combined phosphor and dielectric layer thicknesses for 
each device tested. 
 
With the exception of the bought device and the in-mould group, most of the 
points fall into a curve where the illuminance rises and falls as the combined layer 
thickness increases. The graph shows that the devices that emit the brightest light 
have a combined phosphor and dielectric layer thickness of around 60 microns. The 
further the combined layer thickness is away from this value, the dimmer the 
devices are. This is a good indication that the optimal distance between the 
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electrodes (the combined phosphor and dielectric layer thickness), that would 
produce the brightest devices is around 60 microns. 
The bought device has this optimal dimension within its structure but is much 
brighter than the devices made during this project; this shows that it is not only 
layer thickness that affects the illuminance of a device. Other factors such as the 
conductance of the electrodes, the type of phosphor and the quality of the layer 
interface will also impact on the brightness of the light emitted and this is 
something that could be studied further. 
The in-mould layer devices also had an optimal combined layer thickness but this 
group were the dimmest of all the lamps made; this also shows that it is not just the 
thickness but the integrity of the layers and structure are both important in 
producing bright devices. 
In summary, the methods developed in this project (specifically the basic airbrush 
and PTFE insert moulding techniques) have the capability to produce devices with 
the optimal dimensions to produce a bright EL device. 
11.1.4 Error Analysis 
Each of the manufacturing processes used in this project had different errors 
associated with it and these can be categorised as material, human, layer 
application, moulding and structure errors. Table 11-26 shows a consideration of 
each category and quantifies an estimation of the total error in the layer thickness 
for each process. 
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Table 11-26: A consideration of the errors occurring in each processing method. 
 Processing Technique 
 Thick Film 
Basic 
Airbrush 
PE Insert 
Moulded 
PTFE Insert 
Moulded 
In-mould Post Mould 
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l 
Variation 
between 
purchased 
batches, 
Phosphor 
particles 
5 
Variation 
between 
purchased 
batches, 
Level of 
dilution, 
Mixing, 
Phosphor 
particles 
10 
Variation 
between 
purchased 
batches, 
Level of 
dilution, 
Mixing, 
Phosphor 
particles 
10 
Variation 
between 
purchased 
batches, 
Level of 
dilution, 
Mixing, 
Phosphor 
particles 
10 
Variation 
between 
purchased 
batches, 
Level of 
dilution, 
Mixing, 
Phosphor 
particles, 
Level of 
cure 
15 
Variation 
between 
purchased 
batches, 
Level of 
dilution, 
Mixing, 
Phosphor 
particles 
10 
H
u
m
an
 Pressure 
applied 
during 
application 
5 
Spray 
distance, 
Spray time, 
Judgement 
of coverage 
10 
Spray 
distance, 
Spray time, 
Judgement 
of coverage 
10 
Spray 
distance, 
Spray time, 
Judgement 
of coverage 
10 
Spray 
distance, 
Spray time, 
Judgement 
of coverage 
10 
Spray 
distance, 
Spray time, 
Judgement 
of coverage 
10 
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Thickness of 
masking 
template, 
Time in oven 
5 
Flow of 
airbrush, 
Air Pressure, 
Time in oven 
5 
Flow of 
airbrush, 
Air 
Pressure, 
Time in 
oven 
5 
Flow of 
airbrush, 
Air 
Pressure, 
Time in 
oven 
5 
Flow of 
airbrush, 
Air 
Pressure, 
Application 
time 
10 
Flow of 
airbrush, 
Air 
Pressure 
Time in 
oven 
5 
M
o
u
ld
in
g 
N/A 0 N/A 0 
Tolerance 
of 
moulding 
parameters 
5 
Tolerance 
of 
moulding 
parameters 
5 
Tolerance 
of 
moulding 
parameters 
Mould 
tempera-
ture 
10 N/A 0 
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ct
u
re
 
Voids, 
Interface 
contact 
10 
Voids, 
Interface 
contact 
10 
Interface 
contact, 
Layer 
disruption 
due to 
polymer 
flow 
15 
Interface 
contact, 
Layer 
disruption 
due to 
polymer 
flow 
15 
Interface 
contact, 
Layer 
disruption 
due to 
polymer 
flow 
15 
Interface 
contact 
5 
To
ta
l (
%
) 
25 35 45 45 60 30 
 
From Table 11-26 it can be seen that the process which had the greatest error in 
layer application was the direct in-mould method, this was due to the fact that 
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there were both more categories to take into consideration and greater error 
associated with each category. The thick film layer application method had the 
lowest errors, this was partly because there were no errors associated with the 
dilution of the materials or the injection moulding process. When these were 
compared to the layer thickness RSD values for each process (the average of all 
layer materials) in Table 11-24 on page 274 it could be seen that the errors in layer 
thickness of unmoulded devices were similar to those in Table 11-26. The thick film 
method produced layers with an error in thickness of 27 % compared to the 25 % 
calculated from the different error categories. However the moulded devices 
produced had layers with lower measured errors than calculated, for example, PTFE 
insert moulded devices had a layer thickness RSD of 30 % compared to the 45 % 
calculated in Table 11-26. This suggested that the errors associated with moulding 
and the subsequent layer disruption caused by it were lower than first predicted. 
11.2 Degradation Tests 
So far in the analysis, it has been seen that the modified materials applied using an 
airbrush have the ability to produce brighter EL devices that have an optimised 
structure when compared to devices made using the unmodified thick film paste 
materials. However, this is not particularly useful if the airbrushed devices have a 
much shorter lifetime that those made using the thick film method. Devices made 
using both methods were tested over 10 week to compare the degradation in the 
light levels they emit. 
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11.2.1 Thick Film Devices 
The illuminance of each of the thick film devices over the course of the ten week 
test are shown in Figure 11-50; the device kept in damp conditions failed to 
illuminate after the initial test and the coverlay and PVC encapsulated devices 
performed much better than the rest of the group. Most of degradation that did 
occur happened in the first two weeks and the light level plateaued out after that. 
 
Figure 11-50: The degradation in the level of light emitted by thick film devices kept in different conditions 
over a ten week period. 
 
The device kept in the 100 %RH, damp conditions completely failed; this is not 
entirely unexpected as it is well documented that organic EL devices are prone to 
moisture damage and oxidation & this has been known for some time [157, 158]. 
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The devices kept in dry, atmospheric and PU encapsulated conditions all had similar 
levels of light degradation over the time of the test. After 10 weeks the dry, 
atmospheric and PU encapsulated devices respectively emitted 37 %, 40 % and 37 
% of their original illuminance. This shows that a commercially bought clear PU 
spray offers no protection to a thick film device as it degrades at comparatively the 
same rate as an unprotected device in the same conditions. The level of light 
emitted from the device kept in “dry” conditions also degraded at the same rate, 
however there was not a large difference in the humidity of the dry and 
atmospheric conditions11.  
The device encapsulated with the UV curable coverlay maintained an illuminance 
65%, ten weeks after it was first tested. This device was expected to perform well in 
the degradation test as this encapsulation material was designed specifically for 
that function. One reason why it may not have performed to the highest degree is 
that when the layer was cured the UV lamp used had no frequency or intensity 
controls and so the cured layer may not have been in perfect condition. 
The encapsulation material that resulted in the least degradation of light emission 
was the PVC adhesive film; the light level after ten weeks was 75 % of that at the 
beginning of the test. Although the PVC film was not intended as an EL 
encapsulation materials, its good barrier properties has meant is has protected the 
underlying layers well. 
                                                     
11
 The “dry” conditions were on average 31.4%RH and the average “atmospheric” conditions were 
44.2%RH. 
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11.2.2 Airbrush Devices 
The airbrushed devices were made with the modified layer materials, but also the 
coverlay was modified in the same way (diluted with an equal amount of MEK) so 
that it could also be applied with an airbrush. The PU was exactly the same as in the 
previous degradation test because this was sprayed directly from an aerosol can 
and the PVC film was exactly the same. 
The illuminance of each of the airbrushed devices over the course of the ten week 
test are shown in Figure 11-51; the first point to make is that these devices 
generally showed less degradation in illuminance than the thick film devices. 
 
Figure 11-51: The degradation in the level of light emitted by airbrushed devices kept in different conditions 
over a ten week period. 
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The degradation of the airbrushed devices appears to happen more gradually than 
the thick film devices, as shown by the shallower curves shown on Figure 11-51. 
Once again the device kept in the damp conditions degraded the most; however 
this time even until the end of the ten week test a small section of the device 
emitted a bright light (see Figure 11-52). Even though the light meter measured a 
low illuminance, the photos in Figure 11-52 show that the device still gave off a 
bright light but only a small section still illuminated. This could suggest that the 
modified materials may be more resilient to damp conditions than the unmodified 
thick film materials. 
 
Figure 11-52: The light emitted by the airbrushed device kept in damp conditions after one week (left) and for 
two weeks and longer (right). 
 
The device that underwent the least degradation was the one that was coverlay 
encapsulated; after ten weeks it still emitted light at 77 % the illuminance of when 
it was first tested. 
After ten weeks the devices kept in dry and atmospheric conditions, and PVC and 
PU encapsulation maintained light levels of 58 %, 67 %, 65 % and 61 % respectively. 
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11.2.3 Comparisons 
By plotting the final relative illuminance of each device, a simple analysis can be 
made; comparing the degradation of devices made using the modified and 
unmodified materials. The comparison can be seen in Figure 11-53. 
These tests show that in both cases, appropriate encapsulation (either PVC or 
coverlay), can reduce the amount by which the illuminance of light emitted 
degrades over 10 weeks.  
 
Figure 11-53: The relative illuminance of each device after the ten week degradation test. 
 
With the exception of PVC encapsulation, the airbrushed devices made with 
modified materials degraded less than the thick film devices. This may suggest that 
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definitive conclusions. The airbrush PVC encapsulated device did degrade more that 
its thick film counterpart, however more testing would need to be carried out to 
verify this result. This may simply be an anomaly as only one device for each 
processing method and storage condition was tested. 
One conclusion that can be made is that the MEK dilution and airbrush application 
method does not seem to negatively impact the lifetime of devices made using the 
new process. 
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12 MODELLING A REAL DEVICE 
Using the layer thickness data, it was possible to model the thermal profile across 
the layer structure of a real device. The in-mould layer application method was 
modelled since this is the only technique where the materials are required to cure 
in-mould; the insert method cures the layer materials before they are placed in the 
tool cavity. From section 11.1.2.6, the average layer thicknesses for devices made 
in-mould are: 
 PEDOT:PSS = 6.47 μm, 
 Phosphor = 32.75 μm, 
 Dielectric = 19.29 μm, and 
 Silver = 16.35 μm. 
The following approximations and assumptions have been made in order to simplify 
the model: 
 A four layer structure of PEDOT:PSS, Phosphor, dielectric and silver, is 
applied to a mould tool at 65 C, 
 The layer thicknesses (to the nearest micron) are 6 μm, 33 μm, 19 μm, and 
16 μm, 
 The layers are injection moulded over with PP thermoplastic at 220 C, 
 The part has dimensions approximately 8 cm x 8 cm x 0.3 cm, including the 
74 μm EL multi-layer structure; the EL layers have a surface area of 4 cm x 4 
cm. 
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 The thermal conductivity and specific heat capacity of PP are 0.17 W.m-1.K-1 
and 2.0 J.g-1.K-1 respectively [159]. 
 The thermal conductivity of the silver paste was assumed to be 5 W.m-1.K-1; 
this is approximately the conductivity of silver thermal compound. 
 The thermal conductivity of the PEDOT:PSS was assumed to be 1.7 W.m-1.K-1 
since this is the thermal conductivity of PEDOT:PSS pellets [160]. 
 The thermal conductivity of the dielectric and phosphor were estimated to 
be 0.1 W.m-1.K-1 and 0.15 W.m-1.K-1 respectively.  
A diagram showing the layer thicknesses is shown in Figure 12-1; the colours of the 
layer materials also correspond to the graph shown in Figure 12-2 to aid the 
visualisation of the system. 
 
The multi-layer model shown in section 6.2 was used and the new layer thicknesses 
and thermal conductivity values were used. Table 12-1 shows a summary of the 
data calculated by the model; this shows the layer interface temperatures at 
particular times after the polymer is injected. 
SE PP 
Substrate 
D Ph TE Mould 
Tool 
200°C 65°C 
16μm 19μm 6μm 33μm 
x = 0 on 
graph 
Figure 12-1: A diagram showing the average thicknesses of layers applied in-mould. 
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Table 12-1: The layer interface temperatures calculated by the model for specific times after injection. 
 
Temperature at Layer Interface (C) 
t (s) TP(t) TSED(t) TDPh(t) TPhTE(t) TM(t) 
0 220.00 218.89 153.23 77.20 65.00 
1 216.73 215.65 151.37 76.94 65.00 
2 213.53 212.47 149.54 76.69 65.00 
5 204.32 203.32 144.30 75.96 65.00 
10 190.22 189.33 136.28 74.85 65.00 
20 166.17 165.44 122.59 72.96 65.00 
30 146.73 146.15 111.52 71.43 65.00 
45 124.35 123.92 98.78 69.67 65.00 
60 108.10 107.79 89.53 68.39 65.00 
90 87.72 87.56 77.94 66.79 65.00 
120 76.98 76.90 71.82 65.94 65.00 
180 68.33 68.31 66.90 65.26 65.00 
 
Figure 12-2 shows the graph created by the model which shows how the 
temperature profile across the EL layer structure changes during the 60 seconds 
after injection. 
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Figure 12-2: The temperature profile across the EL layers at particular times after injection. 
 
Using the model it can be seen that the temperature of the PEDOT:PSS material 
never exceeds 77.2 C throughout the moulding cycle. The PEDOT:PSS material 
used in the in-mould technique is Orgacon and the application sheet supplied with 
the material indicates that the minimum cure temperature is 80 C [161]; this 
means that the cure temperature is never reached so the PEDOT:PSS layer is only 
dried but not cured. This explains why the PEDOT:PSS material washed off during 
sectioning; until the material has cross-linked, it is still soluble in water. 
However, the model would benefit from more accurate thermal conductivity data. 
Since thermal conductivity information could not be obtained from the supplier, the 
thermal conductivity of the dielectric was assumed to be low; this was because the 
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dielectric was in a polymer matrix which tend to have low values and also because 
electrical and thermal conductivities are often linked. However, George et al state, 
there are polymer-ceramic thermal sink materials that can have thermal 
conductivities of 3.7 W.m-1.K-1 [162] depending on the amount of ceramic in them; 
this differs greatly from the 0.17 W.m-1.K-1 estimation used in this model and as 
such could have a large impact on the findings. 
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13 DISCUSSION 
Following the detailed analysis of each device and process method, the aim of this 
section is to take a wider look at the developments made during this project and 
discuss the implications of this work. 
13.1 Methods for Injection Moulding 3D Organic EL Devices 
The objective of this project was to produce an injection moulded plastic part, 
incorporating electroluminescent layer materials over a 3D contour; this has been 
achieved by directly applying layer materials in-mould, and by introducing layer 
materials into the mould on pre-prepared inserts (using two different insert 
materials). These are completely novel processes that have never been carried out 
and published before. The research question specifies integrating the layer 
application into the injection moulding process; this is clearly achieved by the in-
mould method but insert moulding is also a commonly used injection moulding 
technique so this is also considered as being integrated into the process. Although 
working parts have been made using all three methods, there has been varying 
degrees of success; Table 13-1 compares different aspects of each method (both 
process considerations and the reliability of the parts made using each process) in 
order to determine the method that currently best suits the injection moulding 
process. The scores have been judged by the author and are based on: 
 Score 0 to 5 in most categories. 0=Very Poor, 1=Poor, 2=Adequate, 3=Good, 
4=Very Good, 5=Excellent,  
 Score 0 to -3 in “cons” category. 0=No Problems, -1=Easily Overcome, -
2=Challenging, -3=Very Problematic. 
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Table 13-1: An evaluation of the success of each injection moulding process, in its current state of 
development. 
  PE Insert Moulding PTFE Insert Moulding 
Direct In-Mould 
Application 
  Comment Score Comment Score Comment Score 
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ss
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si
d
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n
s 
Ty
p
e
 &
 q
u
al
it
y 
o
f 
P
ED
O
T:
P
SS
 
d
ilu
ti
o
n
 ITO-R; dilutes 
well with MEK 
and applied 
well to PE. 
4 
ITO-R; dilutes 
well with MEK, 
can be difficult 
to get an even 
coverage on 
the PTFE. 
3 
Orgacon™; 
dilutes with 
MEK very well 
and sprays 
well. 
5 
P
ro
ce
ss
in
g 
Ti
m
e 
Slow layer 
drying time 
due to low 
oven 
temperature 
but is carried 
out separately 
to the 
moulding 
process. 
3 
Fast drying 
times and layer 
application is 
carried out 
separately to 
moulding. 
4 
Very slow 
process time; 
each layer must 
dry in-mould 
and a heated 
mould 
lengthens the 
cooling time 
during the 
cycle.  
0 
P
ro
ce
ss
in
g 
Te
m
p
er
at
u
re
  
Oven at 80 C; 
Cures 
PEDOT:PSS 
slowly and 
causes PE to 
expand and 
wrinkle. 
2 
Oven at 130 
C; Fully cures 
PEDOT:PSS 
quickly and is 
well below the 
limit of PFTE. 
5 
Mould at 65-75 
C; this is not 
high enough to 
cure the 
PEDOT:PSS, 
and there is 
also not 
enough energy 
transferred 
from the 
injected PP to 
initiate cure. 
0 
G
eo
m
et
ri
c 
Li
m
it
at
io
n
s 
Shallow curves 
can be 
moulded 
easily. Cracks 
occur in layers 
when moulded 
over a 1 mm 
radius edge, 
not all areas 
illuminate. 
2 
Layers can 
even mould 
over a 1 mm 
radius edge; 
cracks due 
occur over the 
edge but all 
intact areas 
illuminate. 
3 
Shallow curves 
can be 
moulded easily. 
The force of 
injection 
caused severe 
layer disruption 
over a 1mm 
radius edge.  
2 
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Good; 
encapsulating 
PE gives a 
good finish but 
air bubbles can 
occur and 
PEDOT:PSS is 
not adhered to 
the clear PE. 
3 
Very good; 
smooth, high 
gloss surface. 
5 
Poor; the layer 
forming mould 
release results 
in a dull surface 
finish 
1 
La
ye
r 
Q
u
al
it
y 
PEDOT:PSS 
layer is flaky 
and poorly 
adhered to the 
phosphor 
layer. Other 
layers fully 
dried. 
2 
Fully cured 
PEDOT:PSS 
layer that does 
not separate 
from the 
phosphor. 
Other layers 
fully dried.  
5 
Uncured 
PEDOT:PSS that 
rubs off on 
contact. 
Other layers 
remain intact. 
1 
Ill
u
m
in
at
io
n
 
R
el
ia
b
ili
ty
 
Reasonable; 
failure to 
illuminate can 
occur but this 
may be due to 
separation 
from the 
copper 
external 
connection 
points. 
3 
Very reliable; 
all samples 
worked, even 
at high 
voltages and 
emitted a 
bright light. 
5 
Poor reliability; 
some samples 
failed to 
illuminate, 
some only 
illuminated 
over a fraction 
of the surface 
and all failed at 
high voltages. 
1 
La
ye
r 
Th
ic
kn
es
s 
Good; very 
even layers 
across samples 
and between 
different 
samples in a 
batch. Less 
than optimal 
thickness. 
4 
Good; even 
layers across 
samples and 
between 
different 
samples in a 
batch. Optimal 
thickness. 
4 
Poor; large 
variation in 
each layer and 
disruption 
caused by 
injection. 
Optimal 
thickness. 
1 
O
th
er
 C
o
n
si
d
er
at
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n
s 
P
ro
s 
Layers fully 
encapsulated 
by the PE, can 
be processed 
using a 
standard 
injection 
moulding 
machine.  
4 
Processed 
using a 
standard 
injection 
moulding 
machine. 
3 
Parts made in-
mould with no 
additional 
process stages, 
or carrier film 
required. 
3 
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C
o
n
s 
Problems 
associated 
with 
connecting 
encapsulated 
electrodes to 
an electrical 
supply, insert 
production 
adds a process 
stage.  
-2 
Added expense 
of PTFE carrier 
film. No 
encapsulation 
layer, insert 
production 
adds a process 
stage. 
-1 
Lots of further 
developmental 
work needed to 
improve the 
process, 
auxiliary 
equipment 
required on the 
injection 
moulding 
machine. 
-3 
Total Score  25  36  11 
 
Table 13-1 brings together the all of the findings from this project and it can be 
seen that, in the current stage of development, the best method for producing 3D 
injection moulded plastic parts with electroluminescent capabilities is to mould 
over a PTFE film pre-coated with the EL layer materials. The PTFE insert is then 
removed following ejection, leaving the EL layers embedded into the surface of the 
plastic part. The PTFE insert moulding method produces reliable, brightly 
illuminating parts with a good surface finish; this method can also produce 
illuminating surfaces over more acute curves than the other two methods. The PE 
insert moulding technique could also be viable but would need more development. 
However, the in-mould method has the significant benefit of complete part 
production in one manufacturing process. The in-mould process has considerable 
problems that would need to be overcome, including: poor surface finish, structure 
disrupted during injection and lighting reliability.  
13.2 Solutions to Current Problems 
The MEK modified materials can be successfully applied using the airbrush, but 
there is a moderate amount of variation in the applied layer thicknesses. This could 
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be reduced by standardising the dilution, mixing and spraying of materials and by 
measuring the viscosities of the mixtures. In this project the dilution was initially 
done by volume, but residual waste meant that not all material was transferred to 
the airbrush container thus causing variation in dilution and so was then carried out 
by trial and error. If the dilution was done by weight and mixed directly in the 
airbrush container the mixture would be more consistent. The mixing could be 
standardised by using magnetic mixing or motorised agitating devices. Material 
application could be made more repeatable by measuring the spraying time and by 
using a sample of ideal layer thickness as a standard to compare material coverage 
when spraying. 
Although the PTFE insert moulding technique has been judged to be currently the 
most suitable method for injection moulding EL devices, this method produces 
parts with the delicate PEDOT:PSS layer as the outermost surface (a top emission 
structure). The degradation tests show that appropriate layer encapsulation can 
reduce light degradation and extend the life of part; although this work was carried 
out on devices with a bottom emission layer structure, opposite to the insert 
moulded parts. A logical step to improve the PFTE insert moulding technique would 
be to incorporate a clear encapsulating material into the layer structure applied to 
the film. The use of buffer layers could also be investigated as a means of reducing 
the chemical degradation at electrode interfaces. 
With the PE insert moulding process, although the idea of an encapsulating insert 
material is a good one the PE is not a suitable selection; although this bonded with 
the PP injected substrate it did not adhere to the EL materials. The use of PET as an 
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insert film should be further investigated because this is a material that PEDOT:PSS 
readily adheres to. A thin film should be used (0.05 mm) in order to avoid the 
creasing that occurred during the scoping experiments; and a PET injection 
substrate should be used so that the film bonds with is and seals the device. 
However the encapsulation means there would still be the issues associated with 
gaining electrical contact with the sealed electrode layers. 
A number of different solutions could be used to improve the in-mould layer 
application technique; currently poor surface quality, inconsistencies in layers, 
disruption to the structure and incomplete PEDOT:PSS cure all contribute to the 
unreliability of the process. The dull surface finish caused by the mould release 
could be prevented by using a PTFE coated mould tool. The disruption to the layer 
structure could be dramatically reduced by investigating different injection 
positions and process parameters. The utilisation of rapid tool heating and cooling 
methods would speed up the process and ensure that the PEDOT:PSS is fully cured 
during the injection moulding cycle. This process could also further be taken 
forward by applying an encapsulating layer in-mould; similar adhesion and release 
problems would need to be overcome as in this project and a method of allowing 
contact with electrode layers would need to be considered.  
All three of the new methods could also be used with different emitting layer 
materials (that emit different colour of light), and undergo further process 
development to apply a number of different coloured areas and/or patterns in one 
part. 
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Although a thermal model of the multi-layer system has been created with real 
layer thickness data, approximations of thermal conductivity were used; in order to 
improve the calculations made by the model real thermal conductivity data is 
required. A method of measuring thermal conductivity of polymeric materials has 
been found; it is done by characterising a section of extruded polymer (of particular 
dimensions) in a modulated differential scanning calorimeter [163]. This could be 
used as a basis for developing a methodology for measuring the thermal 
conductivity of the materials used in this process. Additional thermal 
characterisation of PEDOT:PSS (using both a DSC and DMTA) would also be useful to 
determine the accurate cure onset temperature, and cure energy. Along with the 
model, this information could be used to determine the optimal tool heating and 
cooling regime. 
13.3 The Wider Impact of this Research 
It has already been shown that this project has developed three different options 
for producing electroluminescent parts using the injection moulding process; a 
transfer insert moulding technique (currently using PTFE film), an encapsulating 
insert moulding technique (currently using PE but PET is a suggested alternative) 
and by direct in-mould layer application. With the additional developments 
suggested in the previous section all of these techniques could become viable 
options for mass producing electroluminescent plastic parts. 
These techniques could be beneficial in three ways; removing the need for multiple 
components in an illuminating part, combining the functions of two separate 
devices and providing additional functionality to simple objects. 
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Lighting units that currently comprise of a housing, bulb, holder, connections and 
lens cover could just be manufactured as a single illuminating plastic panel that can 
be easily ejected and replaced when necessary. Using this technology as an 
alternative to traditional lighting could contribute to weight and space saving in 
cars and result in having the ability to put lighting into previously difficult areas. 
The ability to illuminate different objects also opens up many possibilities to make 
everyday tasks easier or safer. Panels within glove boxes and cupboards could light 
up making it easier to find things in dark areas and road safety could be improved 
by make many plastic items more visible; traffic cones, barriers, temporary 
roadwork signs and even workmen can be made more visible to other road users. 
The ability of objects to illuminate could also be beneficial to people with visual 
impairments, particularly in aiding the location of objects; entire phone casings 
could illuminate when they ring and electrical sockets/switches could have an 
illuminated strip incorporated into the plastic panel. 
The techniques developed in this project could also be combined with other 
research, widening the opportunities offer by this process. Different printing 
technologies such as gravure and inkjet could be used to make inserts; gravure 
printing offers the opportunity to produce large scale, patterned illuminating 
inserts and inkjet printing could produce inserts with more precise material 
application with the scope to produce insert moulded parts with printed circuits 
embedded into them. 
Discussion 
 
Beth Middleton  301 
Another way in which this novel process could enhance the function of plastic parts 
is to injection mould other multi-layer devices; some current areas of research that 
may suit this technique are energy generation and storage. Organic photovoltaic’s 
(OPVs) and Organic Radical Batteries (ORBs) [164] are examples of multi-layer 
systems that have a similar structure to that of the electroluminescent lamp used in 
this project; they all consist of electrode layers separated by one or more layers 
including the relevant “smart” material. The similarities in the materials and 
structure suggest that it is feasible that this novel technique could be adapted to 
apply PV and battery layer materials during manufacture which would further 
increase the functionality options of injection moulded plastic parts. 
Injection moulded parts could capture the Suns energy, store energy or illuminate... 
or all three. It may be possible to have a single plastic panel that can generate 
electricity during daytime, store the energy and then illuminate at night; road signs, 
bus or train shelters, street light panels (as opposed to tall street lamps) and 
buildings with no mains electricity are all situations where such a panel could be 
utilised. This idea could also benefit communities in developing countries that have 
no access to mains electricity by offering the opportunity to have lighting and a 
means of generating electricity for other small appliances. 
In summary, the new techniques developed in this project could be the basis for 
future technologies that have a considerable impact by increasing types of everyday 
objects that can generate, use and store electricity. 
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14 CONCLUSIONS 
The following conclusions can be drawn from the work carried out throughout this 
project; the original research question was: 
“Can electroluminescent technology be integrated into the 
injection moulding process to produce 3D illuminating plastic 
parts?” 
The answer to this question is that the injection moulding process can be used to 
manufacture plastic with multi-layer EL materials embedded over a 3D contoured 
surface. Figure 14-1 shows 3D electroluminescent parts made using three different 
injection moulding methods; two types of insert moulding and direct in-mould layer 
application. 
 
Figure 14-1: 3D electroluminescent injection moulded parts shown from different angles; PTFE insert 
moulded (left), PE insert moulded (middle) and in-mould layer application (right). 
 
The new processes developed in this project are completely novel; multi-layer 
electroluminescent devices have never been incorporated into injection moulded 
parts before, by either insert moulding or in-mould layer application.  
All of the original specific objectives have also been met; the solution to each one 
follows: 
Conclusions 
 
Beth Middleton  303 
 To determine the optimum electroluminescent structure for an in-mould 
process; this is the minimum number of layers that will reliably form a 
working EL lamp.  
The optimal structure of an injection moulded EL lamp that is operated at 300 V and 
400 Hz is a four layer structure; a PEDOT:PSS transparent electrode (with silver 
busbar), followed by a phosphor layer, a dielectric layer and finally a silver rear 
electrode. The combined phosphor and dielectric layer should ideally be 60 μm. 
  To develop a method of integrating the application of electroluminescent 
layer materials to the injection moulding process. 
The application of the multi-layer electroluminescent structure was incorporated 
into the injection moulding process by utilising an airbrush layer application 
method to apply diluted EL materials; this was done by applying layer materials 
directly into the mould cavity and injection moulding over a pre-prepared insert 
film. The insert can either be a transfer film (removed after moulding) or an 
encapsulating film that becomes part of the final part. 
 To produce 3D injection moulded plastic parts with electroluminescent 
capabilities. 
The in-mould technique and both insert moulding methods successfully produced 
injection moulded parts with a working EL device moulded over a 3D contour, see 
Figure 14-1. 
 To describe any geometric limitations observed in the new process. 
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The in-mould and PE insert moulded techniques were unable to successfully mould 
EL layers over a curve with a radius of 1 mm. The PTFE insert moulding method 
could mould over a 1 mm radius curve but there was some damage/cracking to the 
layer materials. 
 To model the temperature conditions undergone by the layer materials 
during an injection moulding cycle. 
The multi-layer model developed during this project showed that the in-mould 
technique, in its current state, does not provide enough heat energy to cure the 
PEDOT:PSS transparent electrode layer. With a mould tool at 65 C, the injected 
polymer at 220 C and a total multi-layer thickness of 74 μm, the 6 μm electrode 
layer does not exceed a temperature of 77.2 C and the cure onset temperature of 
PEDOT:PSS is 80 °C. 
 To characterise the layer thickness and illuminance of the injection 
moulded EL devices. 
At 330 V and 400 Hz, the PE insert moulded devices light up with an average 
illuminance of 132.6  29.1 lx. The average thicknesses of the layers are: PEDOT:PSS 
is 2.78  0.50 μm, phosphor is 18.25  4.48 μm, dielectric is 25.27  3.76 μm and 
silver is 12.20  3.82 μm. 
At 330 V and 400 Hz, the PTFE insert moulded devices light up with an average 
illuminance of 210.2  39.2 lx. The average thicknesses of the layers are: PEDOT:PSS 
is 1.96  0.65 μm, phosphor is 32.41  11.21 μm, dielectric is 22.24  6.02 μm and 
silver is 11.59  2.81 μm. 
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At 330 V and 400 Hz, the in-mould devices light up with an average illuminance of 
44.7  14.2 lx. The average thickness of the layers is: PEDOT:PSS is 6.47  2.03 μm, 
phosphor is 32.75  9.16 μm, dielectric is 19.29  5.59 μm and silver is 16.35  5.98 
μm. 
 To compare the layer thicknesses and illuminance of devices made using 
the new injection moulding process with a bought device and a thick film 
device made using the EL materials in a paste form. 
At 330V and 400Hz, the PE insert moulded devices emit light 28.5% the brightness 
of a bought device and 78.7 % the average brightness of the thick film devices. The 
combined phosphor and dielectric layer thickness of the PE insert moulded device 
was 73.9 % the thickness of the equivalent layers in the bought device and 35.3 % 
of those in the thick film devices. 
At 330 V and 400 Hz, the PTFE insert moulded devices emit light 45.0 % the 
brightness of a bought device and 124.3 % the average brightness of the thick film 
devices. The combined phosphor and dielectric layer thickness of the PTFE insert 
moulded devices was 92.7 % the thickness of the equivalent layer in the bought 
device and 44.3 % of those in the thick film devices. 
At 330 V and 400 Hz, the in-mould devices emit light 9.64 % the brightness of a 
bought device and 26.6 % the average brightness of the thick film devices. The 
combined phosphor and dielectric layer thickness of the in-mould devices was 88.3 
% the thickness of the equivalent layer in the bought device and 42.2 % of those in 
the thick film devices. 
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 To monitor the degradation of the intensity of light emitted by devices 
made by the new process with modified materials over a 10 week period. 
Different conditions and encapsulation options will be considered. 
After 10 weeks, the airbrushed device kept in atmospheric conditions maintained 
67.3 % of its original illuminance. The device encapsulated with the UV cured 
coverlay had the smallest decrease in illuminance; after 10 weeks it had maintained 
77.3 % of its original illuminance. 
 To compare the degradation of the devices made with modified materials 
to equivalent devices made with materials used as intended. 
After 10 weeks, the thick film device kept in atmospheric conditions maintained 
40.0 % of its original illuminance. The device with the smallest decrease in 
illuminance was PVC encapsulated, followed by the UV cured coverlay; after 10 
weeks they had maintained 74.5 % and 65.5 % of their original illuminance. So 
under atmospheric conditions, the thick film device lost 27.3 more percentage 
points of its illuminance that the airbrushed device. 
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15 FURTHER WORK 
Although this project has made a significant step forward by showing that 3D plastic 
parts with EL capabilities can be made by injection moulding, there are many ways 
in which this work can be taken further and extended along different 
developmental pathways. This chapter describes how this research can be 
continued, how it can act as a basis for additional projects and techniques to make 
the process more commercially viable. 
15.1 Extension work related to this project 
Injection moulded EL devices can be made using inserts and by applying materials 
directly in-mould, with PTFE insert moulding producing the most consistent and 
reliable parts. As already mention in the discussion, a number of different 
improvements could be made to the current processes and could take this project 
further; a summary follows: 
 Further work for the PTFE insert moulding technique: 
o Incorporation of an additional clear layer 
 Further work for the encapsulating insert moulding technique: 
o The use of a PET insert film along with a PET injected substrate 
 Further work for the in-mould technique: 
o Injection moulding process parameters 
o Tool design (e.g. injection point) 
o Rapid tool heating and cooling 
 Further work for the model: 
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o Thermal conductivity measurements using MDSC 
o PEDOT:PSS cure data using DSC and DMTA 
o Calculation of optimal tool heating regime 
 General further work 
o Standardising airbrush layer application 
o The use of different and multiple colour phosphors 
o Applying different multi-layer devices such as OLEDs, batteries and 
PV 
Along with these improvements, there are some more extensive investigations that 
can be undertaken. 
Although some simple geometric limitations have been identified in this project 
(the discontinuation of layer materials when moulded over a curve of radius of 
1mm), there needs to be a more detailed investigation into these. Mould tools 
including profile edges with a large range of radius of curvatures would need to be 
utilised in order to accurately determine the sharpest edge that the EL layers can be 
successfully applied and moulded over. More complex shapes could also be 
investigated to include different corner and cut-out options to give an idea of any 
shape restrictions of the process. 
For the 300 V, 400 Hz power supply used in this project, the optimal combined 
phosphor and dielectric layer thickness was 60 μm but this may not be true for 
different power supplies. The optimal thickness of layer materials could be 
determined in relation to both the power supply available and the geometry of the 
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plastic part. The geometry of the tool may require a particular thickness of material 
in order to maintain the continuation of the layer over a shape during moulding. 
This project has already established that these devices can be operated using 
batteries and an inverter; further work could be done in this area looking 
specifically at the possibility of the use of different layer materials, thicknesses and 
an even simpler structure. Different batteries and inverters produce different 
alternating currents and as such may have different optimal layer thicknesses to the 
ones determined in this project. Early in this project it was determined that a 
dielectric layer was required since devices without one failed at high voltages; a 
battery and inverter operates devices at lower voltages so it is possible that the 
dielectric layer may not be necessary. Additional research could also consider 
incorporating battery/inverter holders into the part design. The addition of battery 
connectors after moulding would also need to be considered with regards to the 
positioning of electrode layers and connection to them.  
Towards the end of this project, a company was found working in the area of inkjet 
printing EL materials; they had developed a printing substrate suitable to use with a 
readily available inkjet printer and worked with a phosphor company to combine 
the phosphor and dielectric into one layer [165-167]. This would be of particular 
interest to this project as the removal of a layer from the structure would shorten 
production time. 
The research could also be continued by investigating the rate of material 
deposition by the airbrush; this has already been recognised as a cause of variation 
in layer thickness. The deposition rate is likely to vary for each layer material and if 
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a particular thickness of layer is required the application time can be calculated and 
implemented during the production process.  
The layer thickness and rate of material deposition data could be combined with 
the dimensional limitation information to give a more comprehensive guide to the 
process. For example, the following recommendations could then be given when 
planning the manufacture of an injection moulded EL part: when an edge/curve is 
of smaller radius of x mm, a y μm layer thickness is required which can be applied 
with a z s spraying time. 
One final extension to this project is to calculate the cost per unit area of producing 
electroluminescent injection moulded parts by direct in-mould layer application and 
using insert moulding. This would provide additional useful information when 
comparing the two processing methods and could be compared with commercial 
production costs, to see if it is competitive. 
15.2 Developments to make the Process more Commercially 
Viable 
Although this section involves suggestions that would be too costly and complex for 
university research projects, it has been included to show that the author has 
considered how existing technology could be used to make the novel process 
developed in this project more commercially appealing. 
The novel process developed in this project works. However, the layer application 
adds up to 10 minutes onto a single mould cycle and this would not be considered 
acceptable if the technique was to move beyond research and into mass 
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production. The following technologies could be used to reduce the amount of time 
added to each cycle and therefore improve production rates: 
 The use of multi-cavity tools; by producing more parts per cycle, the 
production rate goes up, however, there is the added complexity of having 
to apply layer materials to numerous cavities simultaneously. 
 The use of robotics; controlled, precise, and consistent layer application 
could be achieved using robotic arms, the process would be considerably 
faster than the hand operated system used in this project, directly reducing 
cycle times. 
 Using multiple tools rotating through different process stages; each layer 
application and drying time could take place at different positions in a cycle 
(injection and ejection would be the last stage). Overall production rates 
would go up because a number of cycles are carried out simultaneously, 
staggered in time. 
One method also developed in this project (which will incur a minimal increase in 
cycle time) is insert moulding EL parts; the layer application and drying takes places 
separately to the injection moulding and therefore does not impact on the machine 
production rate. The following ideas suggest how the insert production method 
could be made more commercial by automating the system:  
 Robotics could be used to improve and speed up the layer application 
process, and placing the insert into the empty mould tool, 
 More complex layer designs can be applied using inkjet printing, 
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 Drying a greater number of inserts in larger ovens would reduce the 
production time per insert, 
 A production line could be used where the insert films goes under a series of 
spray applications and drying ovens; this could be carried out to produce: 
o A continuous roll of EL insert, or  
o Individual inserts on a conveyor belt. 
All of these suggestions are existing techniques and technologies, so it is feasible 
that they could be easily incorporated into the production of injection moulded 
plastic parts to improve the process now that the initial production methodology 
has been developed, tested and analysed. 
15.3 Further projects 
This project has shown that, using an airbrush and compressor, solution based 
electroluminescent materials can be sprayed onto pre-moulded plastic parts, dried 
at temperatures achievable with a home oven, and produced illuminating parts. 
This idea could be taken further to develop a “home spraying system”; a set of 
aerosol cans containing layer materials that can be applied to already-owned items 
in order to make them electroluminescent. This “kit” would also need to have an 
electrode connector kit, linking this idea to the battery operated suggestion in the 
previous section. 
Using the new injection moulding technique, a project which designs modular 
illuminating parts could be carried out. The outcome would be the production of a 
set of standard parts that can fit together in any configuration to make different 
shaped and sized illuminating panels or structures. The challenges to overcome in a 
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project such as this are: the design of the moulded features to allow easy and 
secure connection, the continuity of electrode layers over the connection whilst 
maintaining separation between the two separate electrodes. A power supply 
(battery & inverter) or power connection (mains adapter) module could be included 
and the possibility of using different colour or partially illuminating modules to 
increase the range of achievable shapes and patterns that could be considered. 
The aim of this project was to incorporate EL functionality into the body of plastic 
parts and as such composite materials are produced during the process. As 
mentioned (briefly) in the literature review, this could negatively impact on the 
recyclability of those plastic parts. From this, two interesting projects could arise; 
one related to the recycling of the multi-material part and one about material 
recovery. Injection moulded EL parts can be ground up, remoulded, characterised 
and the properties compared with those of virgin and recycled grades of the 
substrate material in order to see the impact that EL materials have on the quality 
of the recycled material. In a different project, a study can be carried out into which 
layer material most requires recovery and different methods of can be investigated 
and tested. There is also the possibility of attempting to recover more than one 
material.  
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